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PREFACE TO THE 1951 EDITION 


The last completely new edition of Mellor's Modern Inorganic Chemistry 
was published just over ten years ago and embodied considerable 
changes in arrangement as well as drastic revision so that it was then 
largely rewritten. The intervening years have included six years of 
total war but the reception accorded to that edition (which has been 
reprinted several times with minor corrections) has been such that it has 
now become possible to have the book completely reset. This has 
provided the opportunity for a further thorough revision 

An entirely new chapter on Metals has been added which includes 
sections on the sources and occurrence of metals, on the methods used 
for the preliminary treatment of ores, a summary of all the various 
types of metallurgical processes in use (with examples indicating the 
principles upon which the choice of method depends in particular 
instances) and a general account of the more important salts of the 
commoner metals. The chapter on the Inert Gases has been com¬ 
bined with that on the Atmosphere so as to make possible a more 
logical treatment of all the gases of the atmosphere. I he account of 
the Radio-elements has also been expanded so as to include reference 
to the great developments which have, lately, taken place in this field. 

My acknowledgments are due to Imperial Chemical Industrie* 
Ltd.; the Imperial Smelting Coq>oration, Ltd.; the Mond Nuke 
Company, Ltd.; and the National Sulphuric Acid Association for 
information willingly given, and also to the following for permission o 
reproduce diagrams and illustrations: 

The Chemical Society, for figs. 6.1, 23.4, 20.18; 

Edward Arnold and Co. Ltd., for Fig. 9.4 from Aston $ Isotope* . 

The Director of the Natural History Museum, South Kensington, 

Macmillan and 1 Co! Ltd., for Figs. 19.19 and 21.12 from Partington’s 
Text Book of Inorganic Chemistry and 19.11 from Lo\w> ami 
Cavell's Intermediate Chemistry ; 

The American Chemical Society, for big. 22.1 ; 

The Electrolux Co. Ltd., for Fig. 17.9 ; 

F. E. Becker and Co. Ltd., for Fig. 17.11 ; 

I am also greatly indebted personally to many colleagues and fnends 
for valuable criticisms and suggestions, and to numerous correspondents 
who have taken the trouble to point out errors which had P re ' 
escaned detection; and in particular to Mr. J. M. Harrison. Dr. H. 
Irving Mr. N. Hackney and Mr. H. C. Curwen, while my funner pupil 
Mr. D. A. H. Taylor, has earned my gratitude by reading through the 

whole of the proofs q p Pakkus 

Keble College, Oxford 
January 1951 




EXTRACT FROM PREFACE (1939 Edition) 

This new edition of Mellor’s Modern Inorganic Chemistry embodies 
extensive changes in comparison with the previous editions ; changes 
which have been indicated in part by criticisms of the older issues, and 
in part by the extensive development of the subject since the book was 

first written. ...... ..... 

Mellor's Modern Inorganic Chemistry was first published in 1J1- 
and very quickly achieved widespread popularity in many parts of 
the world. It had run to eight editions, several of which had been 
issued in more than one impression, when it became clear that in 
preparing a further edition the time had come for a drastic revision 
and rearrangement of its contents. The present volume is the con¬ 
sequence By the time that this decision had been made, Dr. Mellor 
w 2s, unfortunately, in failing health, and this in conjunction with 
his very numerous commitments made it ncccesary for the work ot 
revision to be undertaken jointly. Although Dr. Mellor passed away 
before it could be published, he had given a final revision to the whole 
of the joint work in manuscript form ; so that the new edition is now 
issued with the confidence that it has his full authority. 

The most obvious change which has been made is in the arrange¬ 
ment of the contents; this is now so markedly different from that 
adopted in the older editions that the book has had to be almost 
entirely rewritten. The plan now adopted begins with a senes of 
chapters (1 to 16) covering all the necessary general and theoretical 
parts of the subject, starting from the properties of gases and proceed¬ 
ing by logical steps to the Atomic Theory, modern views of the Struc¬ 
ture of Matter, the Electrolytic Dissociation 1 heory, and so forth. 
There then follows a group of seven chapters (1/ to -3) devoted to 
the elements hydrogen, oxygen, carbon nitrogen, sulphur and e 
halogens, and their principal compounds. I hose elements for t»u 
most part. do not fit very satisfactorily into a treatment stnctly accord¬ 
ing to the Periodic Table, but they do comprise a large 
the chemistry of any more or less elementary course. 1 he remainder 
of the elements, and their compounds, are then discussed according to 

the order of the groups of the Periodic Fable. ... , 

1 Another change in arrangement concerns the descriptions of salts. 
These are now given under the heading of the metal concerned , their 
treatment under the acids in the earlier editions had given rise to 
considerable criticism. A standard order has also been adopted to 
the salts of each metal, so that rapid reference may be facilitated. 

The principal further difference concerns the diagrams. A large 
proportion of these is new, and those which are not new have bee 
redrawn. A number of new half-tone illustrations has also been 

included. 
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PREFACE 


In carrying out the rewriting and revision I have attempted to 
preserve a proper balance between theories and the facts on which 
they are based. Dr. Mcllor and I were both of the opinion that there 
is a tendency at present to give the former undue prominence and 
to treat the facts as of lesser importance. Experience as examiners 
has shown us that candidates for scholarships and the like are fre¬ 
quently well versed in the latest theoretical developments and yet have, 
at best, only a vague knowledge of the chemical behaviour, or the 
preparation, of common substances. I hope that the treatment now 
set forth will prove satisfactory in this respect. 

Thanks are due to various authors and examining bodies for 
permission to use quotations, and questions from examination papers. 

I he source of each of these is indicated where they occur in the text. 
My own personal acknowledgments are due to'manv friends and 
colleagues for valuable help and advice and in particular to Mr. 1 M 
Harrison. M.A.. Dr. H. Irving and Mr. A. Weston. M.Sc. I have to 

a"* T Ucs * on f lso ! or reading through the whole of the proofs 
M> thanks are further due to Mr. N Wilson for assistance with the 
preparation of the index. 


Keble College G ' D ' Parkes 

Oxford 
March 1939 
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CHAPTER 1 


INTRODUCTION 

Let us remember, please, that the search for the constitution of the world is 
one of the greatest and noblest problems presented by nature.—G. Galilei. 

§ 1 Chemistry as a Branch of Science—The Aim and Meaning of 

Science 

The answer to the question, " What is chemistry ? ” begins by saying 
that chemistry is a branch of natural science—or science, as it is more 
often called. What then is science, and what its meaning ? 

Science embraces the sum total of human knowledge, and it ranges 
over the whole realm of nature. Science is not merely a mass of 
empirical knowledge gained by observation and experiment, but it is 
an organized body of facts which have been co-ordinated and general¬ 
ized into a system. Science tacitly assumes that nature is a har¬ 
monious unity, and that rational order pervades the universe. Science 
seeks a complete knowledge of the multitude of interrelated parts of 
the universe which act and react on one another producing endless 
variety. 

The edifice of science thus rests upon a foundation of reliable facts. 
Each of us in his or her daily life receives, through the senses of sight, 
touch, hearing, etc., many sensations, and through these sensations is 
made aware of many facts. These facts when stored in the memory 
constitute our individual stock of knowledge. Recorded, and their 
reliability ascertained, they comprise the accumulated knowledge of 
our civilization—but they are not science. This knowledge is some¬ 
times known as empirical knowledge; it describes facts. Science 
begins by comparing facts. Empirical facts, in consequence, can form 
a science only when they have been arranged, rearranged, grouped, or 
classified so as to emphasize the elements of similarity and identity in 
different phenomena. Accordingly Thomas Hobbes expressed the 
opinion that the main purpose of science is the tying of facts into 
bundles. This bundle-tying, indeed, forms no small or insignificant 
part in the development of science; otherwise expressed, a significant 
advance has been made in the development of a science when the 
observed facts have been codified into a system so that a medley of 
empirical facts is systematically summarized under a small number of 
heads. The process of classification and correlation is one of the 
methods of scientific investigation. Knowledge so systematized i*> 
scientific knowledge. 
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§ 2 Experiment 

In order that knowledge may be correlated, arranged and classified 
into a science, it is essential that the reliability of the facts concerned 
should be ascertained. Much of the so-called science of ancient times 
and of the Middle Ages is rendered worthless by neglect of this essential 
precaution. It is very likely true that few people in these periods 
really believed the more fanciful of the stories then current, but mere 
disbelief in itself is of little avail—truth is often stranger than fiction. 
What was lacking was the desire or inclination to test the truth of 
these statements. Stories were repeated by writer after writer 
without even the slightest attempt at verification. 

In the modern period, such statements are submitted to the test of 
experiment. Experiment is the handmaid of science for it is really a 
method of observation which is employed either to test the validity 
of a recorded statement or when the facts are so masked by other 
conditions that they cannot be accurately observed unless the obscur¬ 
ing conditions are suppressed. The chemist would not make much 
progress if it were only possible to observe phenomena just as they occur 
in nature, and not possible to make observations under controlled 
conditions. By experiment, it is possible to make combinations of 
different forces, and different forms of matter which are not known to 
occur in nature; to eliminate complex disturbing conditions; and to 
observe phenomena under simplified conditions. An experiment has 
been well defined as une observation provoquee. Experiment is useful 
only when there are conditions which obscure direct observations. 
The most successful experiment does no more than make a fact which 
was previously obscure as patent as one that was open to direct 
observations from the first. 


§ 3 Scientific Method—Hypotheses, Theories, Laws 

As has been said, facts (whether collected by direct observation of 
nature or as the result of experiment) are not science, only knowledge. 
I he method of science is to work upon these facts and upon them to 
ound hypotheses; that is. to put forward suggestions for (or guesses 
at) explanations or general principles which will serve to connect and 
correlate a certain body of facts. 

It is a popular belief that the aim of science is to explain things; 
Tet i^rhk ° the .f?’ callcd explanations of science do not usually 
terms ™ bey °* nd deS i Cnb *u g - the ob s erved facts in the simplest possible 
intellieihle The tbeir relations with one another clear and 

meni Ir th , em P hasi2 ^ the history of a pheno- 

other words science 1<>nS u ”^ er . the phenomenon occurs: in 

one event is d^rmi ex P ain a phenomenon by describing how 
a cause- and how nn! y an antecedent action—sometimes called 

Jive ri^e to lither ft P f t,CU ! ar sct of conditions-the cause-can 

e o conditions the effect. Science explains a 
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phenomenon (the effect) by showing that it is a necessary or rather 
a probable consequence of another phenomenon (the cause). 

• Although every effect may be traced to a previous event as its 
cause, in the physical world phenomena follow one another as links 
in an unbroken chain of cause and effect. It is soon recognized that 
the cause of a phenomenon is an effect which itself needs explaining 
by some ulterior cause, so that causes can be traced backwards in a 
never-ending chain of events. Owing to the limited range of man s 
understanding in a world of infinite complexity, we are far, very far, 
from comprehending the true conditions, the true causes, or the true 
reasons for natural phenomena. 

The mind cannot receive a long series of details without encircling 
and connecting them by a common bond which is a kind of mental 
nexus ; similarly, in the attempt to find the causes of many phenomena, 
man is compelled to build an imaginary model showing how a given 
set of conditions—the hypothesis or theory—is always followed by 
particular effects. A phenomenon is then explained by showing that 
it is bound to occur by the operation of the set of conditions postulated 
by the hypothesis. Consequently, hypotheses arc essentially guesses 
at truth. The rational observer does not trust to random guesses, 
but he is guided by a more or less vague intuitive conjecture (hypo¬ 
thesis) as to the meaning of the phenomena under investigation, and 
experiments are devised accordingly, for 

Man’s work must ever end in failure, 

Unless it bear the stamp of mind. 

The head must plan with care and thought. 

Before the hand can execute.— Schiller. 

The next step is to test the hypothesis by using it to predict what 
ought to take place in a given set of conditions if it be true. These 
predictions are then submitted to the test of experiment. A hypo¬ 
thesis thus serves to prompt new r experiments and to indicate the 
conditions under which the search for new facts is likely to be successful. 

If, on the one hand, this testing by experiment fails to confirm its 
predictions, the hypothesis must be discarded and a new one framed 
and similarly tested. On the other hand, if experiment shows its 
predictions to be correct, it ultimately becomes a theory and thus an 
important part of science, for some of the facts which constitute 
knowledge have thus been co-ordinated and generalized into a system. 

A theory must, however, still be submitted to the test of prediction 
and verification by experiment, and if, and when, new facts come to 
light which are inconsistent with the theory, it must, like an un¬ 
satisfactory hypothesis, be discarded or severely modified. Hut if 
every fresh testing serves to confirm the theory and to put its truth 
virtually beyond doubt it is then called a Law. 

The process, therefore, of elevating an accumulation of facts into 
a science consists in the framing and testing of hypotheses, theories 
and laws. A hypothesis is a guess which, if true, will explain a given 
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(ii) classification and companson of these facts , 

/*;:< the framing of hypotheses to account for the tacts, 

(iv) the testing and verification of hypotheses, resulting ultimately 
in the making of theories and laws. 

§ 4 Branches of Science 

Science, framed from the facts of nature as already described, is 
a coherent unity; but the sum total of human knowledge has now 
grown too vast to be comprehended in its entirety (even when classified 
and co-ordinated into a system) by any one man s mind I he limita¬ 
tions of the human mind thus make it necessary to divide science 
artificially into departments, or branches, for the purposes of study 
and investigation. These divisions are, of course, arbitrary; for the 
divisions of the sciences," as Francis Bacon has said, are like the 
branches of a tree that join in one trunk." Chemistry is such a branch 
of science—others are astronomy, physics, geology, biology and so 
forth. 

The science of chemistry is concerned with the composition and 
properties of the different kinds of matter in the Universe; with the 
ultimate constitution of matter and of the phenomena which occur 
when the different kinds of matter react with one another. 


§ 5 The Early History of Chemistry 

Chemistry as a science in the sense we have been using that word is 
of comparatively modern growth, for no systematic study of the 
phenomena comprised within our definition of chemistry can be said 
to have been made until the seventeenth century. But many of the 
familiar operations of experimental chemistry' were practised in 
ancient times—in fact, chemistry as an art is very old. 

It is impossible to say when the craft of chemistry originated; its 
beginnings are lost in the mists of antiquity. The extraction of the 
common metals from their ores—a crude kind of chemistry—is known 
to have been carried out for a very long period of time, and the prepara¬ 
tion of active principles derived from plants for use as drugs, involving 
the use of many processes now associated w ith the practice of chemistry, 
has long been an important feature, even of primitive civilizations. 

1 he great Creek philosophers were in no sense practical men ; they 
had no interest in the collection of facts by experiment nor in the 
practical verification of ttie results of their philosophical speculations; 
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but at the same time it is in their writings that we find the first indica- 
tions of anything approximating to a science of chemistry. 

“Thus Democritus 1 (ca. 400 B.C.) suggested an atomic theory of the 

H Sfe 

behaviour of matter, and, in that very limited sense, it was a contnou 

theury .no.ter 

matter as we know it shorn of its properties ) i ^ fife and 
added varying amounts of the four element . * j if( ' f 

water. The word element wasclearyused.n tim 

that in which it is no ^ employed m chemistry , t d 45) ^ , he 

of an element is really due to . jj j aualilv rather than a 

follower of Aristotle, the term elemen mplied a .0H*My ra 

kind of matter. It is in this sense Pf^-^^^ven assertion.” 
word in the phrase there is an < t>m qualities of coldness and 

Thus, the element earth re ^ e n ^ and dryness; 

dryness ; air, those of hotness « • . j f theories of this 

° v '” 

if it had been attempted. . . . oucrat ions and methods were 

That many essenUally 1 d “^ Sl *£f I £clear from many of the 
known and practised in , cl ^ s '„ V( , down to us. Thus. Pliny s 

writings of the P^J^History ” contains, inter alia, many fads 
famous treatise on Natural msioiy, c hemical processes, such 

of chemistry, and also describes a g I t j ie preparation in u 

as the extraction of metals from «ie.r ores^‘^^Aitelead.and 

state of punty of many commons ^ ^ {ound jn tho writings of the 

so forth. Many similar records of rec j pcs for the making of 

classical period; but they are ^ technical arts and crafts of the 

nd b, “;r»"i SuS ,•*>»** ,o 

ch izs .«o.n U . r d» s C rans 

Alexandria and the norfhem I ^ we find thc f irs t beginnings of 

centuries of the Christian er , d^ too# that there occurs the first 
the traditions of alchemy. . . t .. ( j t h e earliest use of the 

mention of the ‘ Sacred and Djvne Art, a. cra „ snf cn who 

sa mjk* s.~d,„ e «*» .< . 




Egypt probably had its origin in a fusion of the phdosopbical specula¬ 
tion^ Greece with the practical knowledge of the Egyptians. The 
latter had a great tradition in the working of metals and glass and in 
the dyeing of fabrics. 


§6 The Alchemists 

The Egyptian and Byzantine period may be considered to have 
comprised the first six or seven centuries of the Christian era. Some 
of the earlier writers such as Zosimus (ca. 250-300), Democritus (not 
the Democritus referred to on page 5 as having propounded an 
atomic theory, but another) and Mary the Jewess (who has been 
credited with the invention of the water-bath, still known as bain- 
marie in France) were evidently practical people with experience of 
the laboratory and its problems; but the later authors were either 
content to write about alchemy without practising it, or else were too 
obsessed with the idea of making gold to trouble about mentioning 
anything which did not appear to have a bearing on this problem. 

Egypt was conquered by the Arabs in a.d. C40 and so the Greek 
writings on alchemy passed to Arabia and were soon translated into 
Syriac or Arabic, possibly both. 

The Arabs were a practical race and a good many discoveries of 
chemical importance are no doubt due to them. Perhaps the most 
important of the Arabian alchemists was Abu Musa Jabir ibn Hayyan 
al Sufi, commonly called Geber (eighth century a.d.). What purport 
to be translations of his works into Latin appeared in the twelfth 
century; but there are conflicting views as to how far, if at all, these 
Latin translations are really based on Geber s writings. It seems 
likely, however, that at least a certain number of discoveries attributed 
to Geber in the Latin “ translation ” are there wrongfully attributed 
to him and were actually made at a much later date. Other notable 
alchemists of the time were Rhazes (ca. 900) and Avicenna (ca. 980). 

The knowledge acquired by the Arabs from Graeco-Egyptian and 
Byzantine sources, and extended by themselves, gradually percolated 
into Europe, and in the twelfth and thirteenth centuries translations 


of Arabic works began to be made, especially in Spain, and the “ pro¬ 
fession " of alchemy soon rose to a position of considerable importance. 
Among the great names of the period may be mentioned Albertus 
Magnus (1193-12SO), Roger Bacon (ca. 1214-1294), usually considered 
to have been the discoverer of gunpowder in the West, Raymond 
Lully (1235-1315 ?), discoverer of the method of making pure alcohol 
and Arnold of Villanova (1234—1312). 

This period saw the development of the idea of the three alchemical 
elements, mercury, sulphur and salt, into the current thought of the 
day. Geber (accordmg to the Latin version) had taught that metals 
are composed of mercury and sulphur from which they are generated 
m the interior of the earth. Gold and silver were supposed to contain 
a pure mercury and a clean sulphur; while other metals contained 
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an " unclean " sulphur. It was thus supposed that base metals could 

be converted into gold and silver by altering the P r °P° rt,on * f 
and sulphur in them, and by *' cleansing ” the sulphur. This was the 
theory underlying the traditional pursuit of alchemy, the findin| of 
the philosopher’s stone which would transmute the baser metals into 

60 According'' to the three-element theory of the later alchemists. 
sulDhur was the principle of combustibility, salt the fixed par 
|left*after calcination, while mercury was the principle of metallicness 
contained in all metals. The conception of an element implicit in these 
theories is still largely that of the Greeks and far removed from the 
modern meaning of the term. 

§7 The Iatro Chemists 

About 1525 there arose a new school of quasi-chemists usually 
Pn/Mim ac the “ Iatro Chemists ” or “ Medical Chemists. Iheir aim 
was to discover the " Elixir of Life ’’ which would cure all d,se “* s 

IsSSSS 

attempt to manul.clure gold to ot her and in 

Some important works vmtten tcenth cen tury. were for 

Valentine, probably in the si^eent thc work of a fiftcenth- 

a long time wrongly supposed tot , sus Anac hronisms in the 

century Benedictine monk before , . t { u csc CO uld not have 

supposed writings of '^"^h century and the imposition of 

Si ^ hi been .ailed a " «™n- 

teenth-century hoax. 

§ 8 Thc Birth of Modern Science 

The course 

attitude of mind and though. associ- 




ated with that great movement which is called the “ Renaissance." 
There arose at this time a spirit of inquiry which sought to understand 
the reasons for the beliefs men held, and a desire to seek after know¬ 
ledge and the truth for its own sake. The infallibility of the past 
ceased to be a dogma, and the Renaissance, from which historians 
date the beginning of their modem period, was also the beginning of 
the period of modern knowledge and modem science. 

Francis Bacon (1561-1620), who published in 1620 a work —Novum 
Organum scientarum —in which he sought to define the true method 
for obtaining knowledge, is sometimes called the “ Father of Modem 
Science." He explained what he believed to be a new way of attacking 
scientific problems. In his method, the first stage is the accumulation 
V facts, to be obtained by direct observation and to be scrutinized 
critically in order to be free, so far as possible, both from errors of 
observation and from errors due to the predilections of the observer. 
The second stage is the survey of these facts and the search among 
them (without any attempt to make them fit in with a preconceived 
theory or philosophy) for those likenesses and differences from which 
the conceptions of the common properties and " laws " are to be 
formed. Bacon thus advocated the method of exclusion, or of deduc¬ 
tive induction. This is Bacon’s great contribution to science, and 
although his method of induction is only rarely consciously employed 
in scientific work, it nevertheless lies at the root of all scientific think¬ 
ing ; in addition he is to be remembered for his insistence on the 
importance of careful observation, of the collection of facts and of 
the necessity for the utmost impartiality and open-mindedness in the 
correlation and co-ordination of observations. 


If Bacon were the founder of modern science, Robert Boyle is 
usually thought of as the founder of the science of chemistry. He was 
probably the first to study it for its own sake and not for the sake of 
making gold or medicirv > (here we see the real spirit of the Renaissance 
in operation); he it was who introduced into chemistry a really 
rigorous experimental method for the testing of theories and for the 
ascertainment of the reliability of facts; and to him is due that 
conception of an element with which we are familiar. He demon¬ 
strated the falsitA of the Aristotelian and Alchemical doctrines of 
dements by showing that by no method available could these so-called 
elements be extracted from substances supposed to contain them: and 
gave as a definition of an element “ the practical limits of chemical 
analysis. That is to say. elements are substances incapable of further 
decomposition by any means available at a given time. He recognized 
that substances at one period regarded as elements might later" with 
the availability of new methods of attack Drove not £' u V 

until such a happening had occurred hey Cs contbue to be^h 
of as elements. Examples in modern J tiTs 7 ' T'tt 

contingency can be quoted, as, for instance ik. 7 ?T ty , lhis 
Welsbach In , S85 n. HM^tan i„ to ^ 
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(see page 707). Boyle thus laid the foundations on which Lavoisier 
and Dalton were to build a century afterwards. 

The intervening period was occupied with the nse and development 

of the Phlogiston Theory. 

§ 9 The Phlogistonists 

The Phlogiston Theory was due in the first place to Becher. Geber 
(about 776) had taught that all combustible substances burned because 
they contained the " principle of inflammability, and he identified 
this Y principle with sulphur. Becher (1667) pointed out that many 
combustible substances were known which did not contain sulphur 
and postulated instead the presence of another principle which h£ 

t6 TOs idea was 5 extended by Stahl (1660-1734) in whose hands the 
terra pinguis of Becher became phlogiston (from the Greek <f>\ oyccr««. 

I set on fire). According to this theory the conversion of a metal into 
its calx* was due to escape of phlogiston or 

Metal - phlogiston = calx. 

Accordingly in order to regenerate the metal it must be acted upon 
bv a substance rich in phlogiston. Carbon, on account of its ready 
combustibility and the small amount of residue left on heating, was, 
thought to bench in phlogiston ; hence the reconversion of a calx into 
the metal by heating with carbon is readily explained. In a similar 
wav a creaX many of the then known facts of chemistry could be 

phlogiston y theory ultimately broke down when it was 

Chanter 21) but it had certain defects from the beginning. It failed 

U».«»«»; <»ksjss. °' b yX , rs“: 

P TSn,S5S C ThS t i sometimes held up to ridicule, but this is 
Unf t ir d thebmost^rfecT^nTralization knownto ihc best’intcltatsof 

- correlating, classifying «1 

_ nu.tii in air so as to convert it into a calx, is called 
generally equivalent to what the modem chemist 

calls " metallic oxides " 
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explaining an otherwise disconnected series of chemical facts In due 
course, when it became clear that it was no longer tenable, it was dis¬ 
carded; but considerable achievements stand to its credit and it 
affords us an excellent example of the rise and ultimate fall of a theory 
owing to the discovery (through its aid) of new facts inconsistent with it. 
It may well be that some of the theories of the present day which are 
regarded as firmly established may be thought of by posterity as the 
Phlogiston Theory is now thought of, and our inexplicable obtuseness 
and ignorance may well be a source of amazement to them. This 
need cause us no embarrassment. 

A fallacious theory may be a valuable guide to experiment. Experi¬ 
ment and labour applied to the explication of the most extravagant 
hypothesis is not always lost. Guided by wrong hypotheses men have 
sought one thing and found another—Columbus sought the Indies, 
and discovered America. 


§ 10 Chemistry at the End of the Eighteenth Century 

The latter part of the eighteenth century was a period in which the 
number of chemical substances known was enormously extended. The 
pre-eminent worker of the time in this field was Scheele (1742-1786), 
an apothecary of Uppsala and Koping in Sweden, who discovered a 
great many new substances of all types, among which may be men¬ 
tioned chlorine, hydrofluoric acid, arsenic acid, lactic acid, oxalic acid, 
citric acid, tartaric acid, tungstic acid and many other substances. 
He is also entitled to priority by two years in the discovery of oxygen, 
although, owing to the slowness of publication and dissemination of 
such results in those days, Priestley may be credited with having 
discovered it independently. 

Priestley (1733-1804) was an assiduous experimenter and a most 
capable investigator. He is noteworthy for the work on gases which 
he was able to carry out after perfecting and adding to the apparatus 
suggested by Stephen Hales (1677-1761) for the manipulation of gases. 
With the aid of the pneumatic trough and other apparatus which he 
invented, he discovered, or prepared in a pure state for the first time, 
many common gases such as oxygen (but see above re Scheele), nitric 
oxide, hydrogen chloride, sulphur dioxide, silicon tetrafluoride, ammonia 
and nitrous oxide. The discovery of oxygen, which he communicated 
to Lavoisier, was probably his most important contribution to 
chemistry, for m the hands of the latter it became the instrument for 
the final overthrow of the Phlogiston Theory. Priestley himself 
however, remained a convinced phlogistonist to the last 

During the last quarter of the eighteenth century important chemi¬ 
cal investigations of a quantitative nature were undertaken notablv 
1794 ) aC C (1728 - 1799 >’ Cavendish (1731-1810) and 

The work earned out by Black at Glasgow was instrumental in 
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clearing up the inter-relationships of carbon dioxide, chalk and lime, 
magnesia and magnesium carbonate, and caustic soda and sodium 
carbonate • and the completeness of the explanations was due to their 
being based on quantitative data obtained by him. This work is also 
of importance in that it attracted considerable attention at the time 
and w^ thuta means of spreading clearer ideas about the nature of 
chemical combination than had been current previously. 

cTvendish is perhaps most often remembered for his celebrated 

tzsss.'s, rss&sz ss»ass. £ 

bring about theaterrgionof'^ o^fe" the 
atmosphere at rfrth part of ttewho^ demons trated that the 

SggKSSSXSSai 



CHAPTER 2 


THE PROPERTIES OF GASES 


The generality ot men are so accustomed to judge of things by thtir senses 
that because air is invisible they ascribe but little to it, and think of it as but one 
remove from nothing.—R. Boyle (1673). 


§ 1 The Gaseous State of Matter 

Chemistry (page 4) is concerned with the composition and properties 
of the different kinds of matter in the Universe . . . and the study of 
matter has led to the recognition of three states of matter, viz., the 
solid, the liquid and the gaseous. 

The third of these states of matter—the gaseous—was formally- 
recognized by J. B. van Helmont, early in the seventeenth century, 
and it has been said that the discovery- might have slipped back into 
oblivion had it not been emphasized by the invention of a name— 
gas—which he derived from the chaos of the ancients. Some, how¬ 
ever, have sought to derive the word from the geist (spirit) of the 
German. 

Of the three states of matter which are now recognized, the gaseous 
is that in which the simplest and most uniform behaviour is found 
when the external conditions, such as temperature and pressure, are 
changed, and this behaviour is to a considerable extent independent 
of the nature of the gas. A systematic account of the properties of 
matter may, therefore, conveniently begin with the consideration of 
the behaviour of gases. 


§ 2 The Influence of Pressure on the Volumes of Gases—Boyle’s Law 

Robert Boyle having observed in the course of some experiments 
that a partially inflated lamb s bladder, placed under the receiver of 
an air pump, became distended when the air was exhausted from the 
receiver, was led to study the behaviour of air under different pressures 
He investigated the subject quantitatively bv means of a U-tube 
of uniform bore (compare Fig. 2.1) having the shorter leg hermetically 
sealed at one end and the end of the longer leg open. He poured 
mercury into the longer leg so as to fill the bend and reach to the same 
height in both egs. thus confining a sample of air under a pressure 
equ.il to that of the atmosphere. He measured the length of the air 
spao- and then poured successive portions of mercury in the open end 
of the tube. After each addition of mercury he measured the length 
of the air space, and the difference between the level- , f ' g 
in ,1.. .wo limb. o. ,hn U0». a ,££££3 

12 
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the air space is proportional to the volume of the air contained in it, 
and Boyle was thus able to determine the relation between the volume 
w of a given portion of air and the pressure to which it 

JL was subjected, as measured by the difference in level 

Lt 8 between the two mercury surfaces. 

When Boyle had poured sufficient mercury m the 
longer leg to reduce the volume of the gas in the shorter leg 
to one-half he said, 44 When we cast our eye on the longer 
leg, we observed, not without delight and satisfaction, 
that the quicksilver in the longer part was 29 inches 
higher than in the other." In other words, the volume 
was diminished by one-half when the pressure was doubled 

L by superposing on to the ordinary pressure o t u 
atmosphere the pressure of a column of mercury -9 
inches long and equal to the pressure of the atmosphere 

at the time of the experiment. 

Boyle thus found (l(iOl) 44 the pressures and expan¬ 
sions." as he expressed it. " to be in reciprocal propor¬ 
tions." In other words, the volume of a fixed mass 
of gas kept at one uniform temperature vanes 
inversely as the pressure. This is Boyle’s Law. 
Mariotte, fourteen years after Boyles publication, 
followed along the same lines, and, on 
the Continent, the law is sometimes im¬ 
properly ascribed to Mariotte. 

P Boyle showed further, by means of an arrange¬ 
ment similar to that illustrated in Fig. 2.2, that 
this same generalization holds good at primes 
less than atmospheric. This may be illustrat 
as follows. Some mercury is poured into a narrow 
tube which is closed at one end and open at 
the other. The open end is closed by the thumb 
and inverted in the tall cylinder of mercury. I he 
narrow tube is raised or lowered, and the volume of 
gas confined in the narrow tube, as well as the diller 
ence in the levels of the mercury m the narrow and 
in the wider tube, read at the same time We can 

recognize the principle of the U-tubt, ig. • 
apparatus Fig. 2.2. The pressure on the mercury in 
the* wide cylinder is one atmosphere, and the Pressure 
of the gas in the narrow tube is one atmosphere 
less the pressure of a column of mercury equal to the 
difference in the level of the mercury m the two .die • 

This important generalization may be illustrate 
by imagining 12 litres of gas at atmospheric pressure 
confined in such a way that pressures of2^4and 
0 atmospheres can be imposed upon it. On measuring 


Fig. 2.1. 
Boyle's Law 
-High 
Pressures 



Fig. 2.2. 
Boyle's Law- 
Low Pressures 
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the volume of the gas the following results would be obtained: 


Pressure . 
Volume . 
Product-^v 


l 2 3 4 6 atmospheres 

12 6 4 3 2 litres 

12 12 12 12 12 


The law of Boyle can thus be stated in another way: The product 
of the pressure and the volume of a fixed mass of gas kept at 
one uniform temperature is always the same. Or, algebraically. 


pv = Constant. 

Hence it follows that the behaviour of a gas which is represented by 
Boyle's Law is graphically expressed by a rectangular hyperbola (see 
Fig. 2.3—unbroken curve). 


§ 3 Deviations from Boyle's Law 

The pressures used by Boyle extended over a range varying from 
3 cm. to 300 cm. of mercury. It is hazardous to infer that because the 

product pv is constant over a limited 
range of pressures, it will remain con¬ 
stant for pressures widely different from 
those actually measured. Many careful 
investigations have since been made, 
notably by Arnagat, to find if the simple 
law of Boyle correctly describes the 
behaviour of gases at pressures far re¬ 
moved from the normal pressure of the 
atmosphere—76 cm. of mercury. The 
general results show that no two gases 
behave precisely in the same way. The 
deviations for many gases are insignifi¬ 
cant. Boyle's law, when graphed, fur- 
nishes the continuous curve shown in 
lug. 2.3. I Ins continuous curve is a rectangular hyperbola. The 
deviations of nitrogen, for example, from this ideal' condition are 
indicated by the dotted line. 

1-.. H. Arnagat (1803) showed that while the product pv remains fairly 
constant at low pressures for many gases, the numerical value of pv 
changes in a remarkable manner as the pressures increase in magni¬ 
tude. Arnagat s measurements for carbon dioxide show that when 
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Volume-pressure curves. 
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that is. the product pv at first diminishes in magnitude and then 

numbers on^raph" If ttpSucU by the 

h ine products pv were constant tor all values 
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400 

Pressure p 


of p we should get the straight line, dotted, and marked “ ideal gas 

line ” in Fig. 2.4 ; with car- i eo.-------r—7 

bon dioxide, however, the 

curve descends below the -- ^ 

line for an ideal gas, and __ // 

then steadily rises, passing lA0 

above the. ideal gas line ^__^- 

when the pressure is nearly 'll / 

The curves for hydrogen <£ lde ° Lme 

and helium, at ordinary -V-- 

temperatures, do not des- \ _ 

cend below the ideal gas 0 -®° \ 7Z§P ~ 

line, but take a path re- _ y A ? _ 

sembling the hydrogen line y 

shown in Fig. 2.4. However, 020 l 1 ____—J 

even these gases exhibit the 0 200 p re * s ° u ° re p 600 

same peculiar behaviour 

at lower temperatures. F««* 2.4.-Pressure-*>v curves (Amagat). 
Thus, with hydrogen at - 140°, the product pv reaches a minimum 
when the pressure is about 25 atmospheres; at — 195 , 45 atmospheres* 
and at - 213°, 51 atmospheres. 

§ 4 Influence of Temperature on the Volume of Gases— 

Charles’s Law 

In 1790, Joseph Pncstley concluded “ from a very coarse experi¬ 
ment ” that " fixed and common air expanded alike with the same 
degree of heat/’ and J. L. Gay-Lussac, in 1802. quoted some experi¬ 
ments in support of the broader view : The same rise of tempera¬ 
ture produces in equal volumes of all gases the same increase 
in volume, provided the pressure be kept constant. Ihis law 
is designated Charles’s Law, in honour of J. A. C. Charles, who 
according to Gay-Lussac, made some crude experiments on the subject 
fifteen years before Gay-Lussac's publication. Some call this relation 

" Gay-Lussac's Law.” 0 . 

The increase in volume which occurs when one litre of nitrogen at 0 is 

heated in a suitable vessel is shown in Table I (R. Chappius, 1888). 
Table I—Coefficients of Thermal Expansion of Nitrogen 


Temperature 0° Volume v. litres 


Expansion per litre 
per degree 



1*0000000 
1 0307781 
1*0735300 
M 102876 
1*1470244 


0*0030778 
0 0030770 
0 0030775 
0 0030737 
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The numbers in the last column—called the coefficients of thermal 
expansion—mean that the volume v of a litre of nitrogen, measured 
at 0°, when heated through 0°, can be represented very closely by the 
expression: v = (1 + 0 003676 0) litres. In other words, nitrogen 
increases 0 003676, or very nearly j-^rd of its volume at 0° for every 
degree rise of temperature. More generally, if v 0 be used to denote 
the volume of a gas at 0°, we have 

V = V '{ 1 + £ t ) 

This is very nearly true for most of the common gases, for while solids 
and liquids have their own characteristic coefficient of expansion, 
gases have nearly the same coefficient of thermal expansion. This is 
the meaning of Charles's Law. The coefficients for the gases run 
something like this : 

Air. 0003065 

Hydrogen ....... 0003607 

Carbon dioxide ...... 0 003688 


These numbers are close enough to ( = 0 003663) for most 

practical purposes. In general, the more easily a gas is liquefied, the 
greater the deviation from the constant 0003665 found for air— 
witness carbon dioxide. 

By plotting the above equation, we get a straight line which cuts 
the T axis at -273° (see Fig. 2.5). If the temperature were less than 



2<3 °’ . t ) h . e 8» s would have a negative volume, that is a volume less 

than nothing ! If the temperature were exactly - 273 ° the eas would 

occupy no volume ! It is impossible to imagine a substance ocan, g 
no space, but this seems to be a logical conclusion from Ph-mi i g 
Where is the fallacy ? Charles's Lat 

The apparent volume of a gas may be resolved into Is-L. P . 
(1) the • volume ” occupied by the mZteol l !, Wk 1 
space between the molecules. Although for the t ~ ) . the 

we assume v is employed to represent the /„/„/ • 7 k< ' of sm ’)'hcity, 

gas. in reality r should refer only to the s ace i n'"' W ? k Up,ed , by 
and in that case, the conclusion that r molecules. 

-273 c involves no absurdity. Moreover the 7 ,h e temperature is 

y 0n - 0 'cr the gas would liquefy before 
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the temperature -273° was attained, and the simple gas law of 

Charles would not then be applicable. .. ... 

The temperature - 273° C. is consequently supposed to be a limiting 
temperature—the nadir or lowest possible temperature. Hence it is 
sometimes called the absolute zero; and temperatures reckoned 
from this zero are called absolute temperatures Several other 
distinct lines of inquiry also converge to this same absolute zero._0n 
the absolute scale of temperatures, 0 C. will be 2/3 abs. If T be 
employed to denote the temperature on the absolute scak and 0 the 
temperature on the centigrade scale, we have T = 273 + U. Hence, 
we see that if v be the volume of a gas when the absolute ‘emperature 
is T and v, the volume when the temperature is T t . we get. from the 
preceding equation, another way of stating Charles s Law. 

V __ V\ 

~T~ T x 

§ 5 Deviations from Charles’s Law 

We have already seen that the coefficients of thermal expansion of 
all eases are only approximately the same. The coefficients for the 
individual gases differ a little among themselves as indicated abose 
The variation in the coefficient of thermal expansion at temperatures 
and pressures not far removed from normal atmospheric tempera ures 
^d preiures is not very marked, and for regular gas calculations 
Sn be Snored It remains to indicate the variation, if any. ... the 
coefficient of thermal expansion with large variations of temperature 

“? ^Th^injluence of pressure.- The coefficient of expansion of most 

STS 5235? i! • 

and 60° assumed the following values: ^ 1)J()0 atm 

Coefficients 0 0069 »008S 0-04.0 0 0085 0-0033 0-00.8 

^^^i^^^ ,r coEd^tffin an ^he' < v r alue n of''ift'wliicl' 0 furnishes'the°great«t 
the minimum product pv, P“ g ^ ! J ; hil | it this variation in the value of 

SSS3SS expai«ion, I mid t the coefficient of expansion steadily 

diminishes with increasing pressure. maximuin value lor the 

coefficient ofexpansffin wltSeasing pressure just indicated becomes 
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less and less as the temperature is raised and finally disappears. So 
does the minimum value of the product pv become less and less 

marked as the temperature is raised. 
The gradual “ flattening " of the car¬ 
bon dioxide curves as the tempera¬ 
ture rises from 40° to 100° is brought 
out very clearly in Fig. 2.6. We have 
seen, page 15, that all gases exhibit 
a minimum value for pv. The 
pressure required for the minimum 
depends on the temperature as well 
as on the nature of the gas. The 
minimum is most marked when the 
gas is near its critical temperature 
(page 35). If the temperature is 
much above the critical temperature, the minimum is very small—with 
hydrogen the minimum is inappreciable at 0° (Fig. 2.4). All other gases 
show a minimum at ordinary temperatures. Hence, Regnault, who 
discovered this phenomenon, was led to say that hydrogen is a “ gaz 
plus que parfait.” But hydrogen also shows the minimum at reduced 
temperatures as indicated on page 15. 



Fig. 2.6.—Amagat's Curves for 
Carbon Dioxide 


§ 6 The General Gas Equation 

Boyle’s Law, expressed mathematically in the form pv = Constant 
and Charles’s Law, which may similarly be expressed in the form 
v/T — Constant, when combined into one equation give us a mathe¬ 
matical expression for the variation in the volume of a gas when 
temperature and pressure both vary. This combined equation is 

= Constant. 

T 

In this expression, when the quantity of gas concerned is a gram- 
molecule (see page /<»), the constant is usually denoted by R and called 
the gas constant, so that the equation becomes Y 

pv = RT. 

when it is known as the General Gas Equation 
In the form 

Pv 

— = Constant, 

I&.T !£• i"™ 1 ™!.’ 

pressure. Thus, the volume S often ^w ^ S . ln te , m P craturc and 
of the laboratory and at a pressure not / eri . u * ,K ‘ d at ,hc temperature 
whereas for chemical purposes it is usu-Uh'n* “ standilrd pressure, 
volume at standard or normal/ 1 .™ . necess: * r y to know the 

(or normal) temperature and pressure, that 


Tui? punpiroTiPC r»p r.A^FS 
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is, at 0° C. and 760 mm. pressure; conditions which are often referre. 
to by the abbreviations S.T.P. or N.T.P. 

lip, v and T respectively denote the pressure, volume and absolute 
temperature of a given mass of gas under one set of conditions, and 
p v v x and T x the pressure, volume and absolute temperature under 
another set of conditions, then from the above expression, 

pv _ p\V\ 

T T x 

Let us suppose that a gas measures 170 c.c. at a pressure of 735 mm. 
of mercury and at a temperature of 15° C., and that it is required to 
find its volume at standard temperature and pressure. We then have 
p = 760> T = 273, T x = 288, v x = 170 and p x = 735, while v is the 

‘volume required. Hence 

760 X v __ 735 X 170 

273 ~~ 288 


• v = 


735 X 170 X 273 
288 X 760 


= 155-8 c.c. 


§ 7 Dalton's Law of Partial Pressures 

When two gases which do not act chemically on one another under 
the conditions of the experiment are brought together they mix 
intimately, by diffusion, so as to form a homogeneous mixture, and 
John Dalton (1802) found that in such a case each gas seemed to exert 
the same pressure as if it alone occupied the space; the total pressure 
of the mixture of gases being the sum of the several pressures due to 
each gaseous component of the mixture. That is. if P be employed to 
denote the total pressure of the mixture, />, the partial pressure exerted 
by one of the gases, and p 2 the partial pressure exerted by the other 
gas P = p, 4- p t . In words, in a mixture of gases which exert 
no physical or chemical action on one another, each gas exerts the 
same pressure as if it alone occupied the entire vessel, and the total 
pressure is the sum of the partial pressures due to each gas. Ibis 
'is Dalton's law of partial pressures. It can be extended to mixtures 

! 0 'Si;.T».y 0, E'»*t.y ta pcrl«« <•«. Tte bol.o.iou, o, 

actual gases deviates in greater or less degree from that indicated by 
Boyle's Law, and furthermore, it is highly probable that the molecules 
of nearly all gases exert some attractive influence on one another and 
the gases will, in consequence of this physical action deviate fr 
Dalton’s Law to an extent dependent upon the magnitude the inter- 
molecular attraction. Many mixtures of gases ^n^^e^ but marked 
deviations from the law, e.g.. carbon dioxide and sulphur dioxide, 
hydrogen with air and with nitrogen, etc. 
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Thus, for example, when a given quantity of carbon dioxide at 
700 mm. pressure is allowed to expand to twice its volume (at the 
ordinary temperature) its pressure does not fall quite to 380 mm. but 
becomes 381*1 mm. If, therefore, a mixture be made of equal volumes 
of hydrogen and carbon dioxide, both at atmospheric pressure, so 
that the linal volume is twice that of either gas in the first place, the 
final pressure would be not 700 mm. but 761*1 mm. 

A common application of Dalton's Law is the calculation at normal 
temperature and pressure of the volume of a gas measured when 
collected over water. At ordinary temperatures, water exerts a 
considerable vapour pressure, and the space occupied by the gas 
whose volume has been measured is also occupied by water vapour. 
Hence, by Dalton's Law, the total pressure exerted (and measured) is 
equal to the actual pressure of the gas in question plus the pressure of 
the water vapour present. It follows, therefore, that in carrying out 
the necessary calculation, the value to be used for the pressure of the 
gas must be the observed pressure minus the pressure of the water 
vapour present along with the gas. This value, which is the maximum 
pressure of water vapour at the temperature of the experiment, is 
taken from tables (see page 31). 


§ 8 The Density of a Gas 

The density of a gas or vapour can be expressed in two ways, viz.: 

(i) the normal or absolute density, which is the weight in grams of 
1 litre of the gas measured at 0° C. and 700 mm. pressure, the weights 
being corrected to sea-level at latitude 4;Y ; 

(») the relative density, which is the weight of a given volume of the 
gas divided by the weight of an equal volume of hvdrogen, measured 
and weighed under identical conditions. 

The implications of the first of these ways of expressing density are 
Ihos.- which concern us her.-. Relative density and its importance 
will be discussed later (see page- 09). 

I he determination of the absolute densities of gases with a hi"h 
degree of accuracy requires experimental skill of a high order and 
calls for the use of delicate apparatus which includes many refinements. 

I lirec methods arc available : 

'i) the Globe (or Kcgnault’s) Method; 

fin the Volumeter Method; 

oil) the Buoyancy (microbalance) Method. 


I hr Globe Methoti 


and 

then 


In this method, an evacuated globe is weighed hn,.,i . , 
temperature with the gas, and then re\vei»hJd Th i 1 kn / °" n pressure 
determined by Idling ,t with wat^ ; ^^ (l „ 8*obe is 

In order to obtain results of the In -lu st nr i7 r aka,n - 
haw- to be taken and corrections must be nmlie I / ai ! curac V man V precautions 
entirely eliminated. ' * I * or those errors that cannot be 
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The following are the principal precautions and allowances which have to be 
made: . , 

ir^gt'inTh?^"^^ as nearly as possible at a temperature of 

g,obe balance ^m ^he globe is counterbalanced against an exactly similar 

gTobWnd the two globesare ^. w when evacuated. 

— «-*-« 

^ThU tends to er ^ake n ihe C r°e n sults too h& but with the permanent gases 

the effect is very small. inr the shrinkage of the globe on 

The amount of the correction to PP ' ^ . g mountc< j inside a closed vessel 

evacuation is determined as folio ■ A les in the stopper of the vessel. A 

with its stem passing through one o o o hole and the vessel is 

calibrated, vertical capillary tute*sfix«LinU> we ^ ^ Thc g|obc , s 

filled with water and immersed in water-level in the capillary tube is 

then evacuated and the extent of t fontrac tion of the globe can be calculated. 

M _ 0-0026 cos 2X- 0 0000001UG A) 

where X = latitude of the place of observation 

-d * - M3 t°“ n 

Notable examples oftheus * ol ^^^mon pcrnlznentltses (cf. pages 94. 

YXtstt&s, Sisrs tassws. -— 

The Volumeter Method whos< . volume , temperature and pressure 

have ton measured fs de'^mincf either by releasing the gas from an apparatus 

which delivers only pure, dry gas Gqs 

(e.g., hydrogen absorbed in palla¬ 
dium may be driven off by heat¬ 
ing) or by absorbing the gas m 
a suitable absorbent and deter¬ 
mining thc increase in weight 
of the absorption apparatus. A 
convenient absorbent is charcoal, 
contained in a bulb immersed m 

liquid air. , •». 

The volumeter method permits 
the use of large quantities o gas. 
since the apparatus used for 
measuring the volume does not 
require to be weighed and there 
fore need not be portable, no 
restricted to such dimensions as 
enable it to be attached to a 
balance. . . c an< i Pintza for determining the density ol 

This method was employed by > which shows their apparatus in a 

nitrogen and may be understood lrom 1 * 

simplified form. 
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The apparatus consisted of two globes. A and B, attached to a manometer D , 
to a tube H containing coconut charcoal, to a pump and to a source of the gas 
under examination by means of tubing and suitably disposed glass taps. The 
volumes of A and B were determined by finding the weight of water filling 
them at 0°. The volume of the " dead-space " between a and b and the 
tap G and the zero of the manometer were also found. The tube H (actually 
attached to the apparatus by a ground joint) was evacuated and weighed. The 
whole apparatus was then evacuated and the gas whose density was to be found 
was allowed to enter slowly until the pressure in the apparatus was approximately 
that of the atmosphere. A and B were then immersed in melting ice. F and G 
were closed, the manometer adjusted to the zero mark and the pressure of the 
gas was then read. EFG was next evacuated. F was closed, E, G and J were 
opened. // was cooled in liquid air and so the gas was practically all absorbed in 
H. Taps E and G were then closed and the pressure of residual gas measured. 
The gas contained in the space EFG was pumped out and measured, while H 
was removed and reweighed. The weight of gas absorbed was thus known, 
and from the difference in pressure before and after the experiment, and the 
amount of gas in the " dead-space," the volume of the gas absorbed could be 
calculated, and hence the density 


The Buoyancy Method 

This method, which employs a microbalance, depends upon measurement of 
the pressure of the gas when buoying up a small quartz bulb immersed in the gas, 
by a fixed amount. 

The apparatus shown diagrammatically in Fig. 2.8. consists of a small quartz 

bulb. A, of about 8 c.c. capacity. 



J c l_5. 

_B 

= /7'\ 


— 



evacuated and suspended by a hook 
and a thin quartz fibre from a quartz 
beam, B, to the other end of which is 
fused a quartz plate. C. having the 
same surface area as the bulb. The 
beam is fixed to the framework by 
stretched quartz fibres. DD. on which 
Fig. 2.8. swings. The uoole is enclosed in a 

Plan of Microbalance (diagrammatic) tube shaped as shown and of about 10 
. , c,n - length. The apparatus is evacu¬ 

ated and the gas is then allowed to enter slowly until the pointer on the end of C 
is exactly level with the one on the framework. The pressure of the gas is 
measured and the process is exactly repeated with oxygen. It is then oasv to 
see thal the normal densities ol the two gases p and p' are inversely proportional 
to the pressures observed (/> and • ( .e.. 7 v 1 

= Pi 
P' P 

whence the unknown density of the gas under examination can be calculated from 
the known density of oxygen. “ wu irom 

, The <nethod ,s valuable since it is capable ol great precision, it requires only 
a small amount of gas, and can be carried out relatively quickly Low pressures 
are employed lor under these conditions Boyle's Law may be consiK? S 
express accurately the behaviour of the gases. ' y considcred to 

The determination of the densities of gases with a high degree of 
'"t “ , ,mp ° rta ' lt '“PPlie-ation in the evaluation of atomic 
n nfi lt' , V ,, T shlng a chc ? k »" values obtained by purely cheS 

physical means for *J C ^'the'ciS 
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§ 9 The Diffusion of Gases—Graham’s Law 

If a jar of a gas of low density, such as hydrogen, be inverted over 
another jar containing a much denser gas, like air, it might perhaps be 
expected that the samples of the two gases would maintain their 
relative positions, at any rate for some considerable time. In point of 
fact the two gases—hydrogen and air—will spread throughout the 
two vessels in a short time and in such a way that the two cylinders 
will enclose a homogeneous mixture of air and hydrogen. Inis 
phenomenon is known as diffusion and is closely related to the 
behaviour of a gas which, when confined in a vessel under a pressure, 
is allowed to escape through a small orifice. This latter process 
called effusion. 

Dobereiner observed in 1823 that hydrogen, collected over water in 
a cracked flask, escaped into the surrounding air and that the water 
rose in the neck of the flask. This observation indicates that gases 
diffuse at different rates and these facts may be demonstrated qualita¬ 
tively by means of the following experiments. ... , 

Porous pots containing air are fixed to the ends of bent tubes as 
shown in Figs. 2.9 and 2.10. A cylinder of hydrogen is brought over 
one porous pot. Fig. 2.9. Hydrogen diffuses through the walls^of the 
pot faster than the air can 
diffuse outwards. Consequently, 
the pressure of the gas inside the 
porous pot will increase. This is 
shown by the motion of the 
coloured liquid in the U-tube 
away from the porous pot. Before 
the cylinder of hydrogen was 
placed over the porous pot, the 
air diffused inwards and outwards 
through the pot at the same rate. 

Repeating the experiment. Fig. 

2.10, with a cylinder of carbon 
dioxide instead of hydrogen, the 
air moves outwards from the 
porous pot faster than the carbon 
dioxide can pass inwards. Conse- 


Hydrogtn 




Fig. 2.9. 


Fig. 2.10. 


Diffusion Experiments 


uioxiae can p<u>b imvaius. 

quently, there is a reduction in the pressure of the gases in the porous 
pot. This is shown by the motion of the liquid in the U-tube towards 

in the le e °‘ thc U ' tubc bC connected with a battery 
and electric bell, and if a wire be fused in the leg of the l -tube so 
that when the liquid rises electric contact is made, the bell wil ing- 
A device based on this principle has been suggested as an alarm 
indicator for the escape of coal gas in rooms, or fire-damp in coal mines. 
These gases, like hydrogen, diffuse through the walls of porous pots 
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faster than the air can escape. The experiments, Fig. 2.9, can be 
modified so that the liquid is sprayed from the tube like a miniature 
fountain. 

The ready diffusion of gas through the walls of buildings plays a part 
in ventilation. Most building materials are porous, and permit the 
passage of gases through them in both directions. The diffusion does 
not take place so readily when the walls are saturated with moisture— 
e.g., in new buildings. 

The quantitative aspect of diffusion was investigated by Thomas 
Graham (1832). His measurements were made in a series of experi¬ 
ments in which narrow tubes of from 6 to 12 inches in length were 
closed at one end by means of thin, porous plugs of plaster of Paris. 
(In some later experiments tubes with a bulb in the middle were 
employed.) These were filled with the gas under examination and 
confined over water (or other suitable liquid according to the nature 
of the gas being investigated) and diffusion allowed to take place. 
After the lapse of a given time, the gas remaining in the tube was 
analysed in order to determine the amount of gas remaining and the 
amount of air which had entered by diffusion. From the results of 
these experiments, Graham was able to show that the speed at which 
a gas can diffuse or travel through a thin porous membrane is related 
to the density of the gas. 

For example, under similar conditions, hydrogen diffuses nearly 
four times as fast as oxygen; the relative densities of hydrogen and 
oxygen are nearly as 1 : 16; and the relative rates of diffusion of the 


two gases are nearly as y 10 : V1 ; i.e.. as 4 : 1. Thus we have 
Graham s Law of diffusion : under comparable conditions the 
relative speeds of diffusion of gases are inversely proportional 
o the square roots of their relative densities. Graham measured 
he speed of diflusion of gases thro-gh thin porous plates, and found 
Uk numbers indicated in the last column of the subjoined table 
recalculated to hydrogen = 1 instead of air = 1 (Table II) The cre¬ 
ed,ng column represents the theoretical numbers calculated on the 
assumption that tile speeds of dilfusion are inversely as the square 
roo s of the relative densities. The observed numbers for the speeds of 
diffusion agree very closely with those obtained by calculation.^ 

Fapl. H-Sw»e » C,»U8IQ» of Some Gases and Graham s Law 


Hydrogen 
Methane (Cll 4 ). 

Cartnm monoxide (CO) 

Nitrogen 

Oxygen . 

Carbon dioxide (CO.) 


Relative Calculated speed 
density °* diffusion from 

(Hydrogen __ 

! ri I V relative density 


0 354 
0*207 
0 207 
0 250 
0-213 


Observed speed 
of diffusion 
(Hydrogen = 1) 


1 

0 351 
0-278 
0-205 
0*248 
0-212 
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Fig. 2.11 

Apparatus for comparing 
Rates of Diffusion of Gases 


2] t nc. rivvi t.i\* *4—> v* 

A convenient form of apparatus for comparing the rates of diffusion 
of gases is illustrated in Fig. 2.11. 

The gas under examination is admitted 
by way of the tube A which is closed 
at B by a porous plug. The vessel C and 
the gauge tube D contain mercury. When 
the tap F is turned, mercury runs out of 
the apparatus into the dish E, but the level 
of the mercury falls more rapidly in D than 
in C. As a consequence gas is drawn into 
the apparatus through B. When an 
experiment is in progress a constant 
" head ” of mercury is maintained by 
adjusting the tap F, and the rate at 
which mercury collects in the weighed 
\ dish, E, then gives a measure of the velocity 

of diffusion of the given gas under the given 

conditions. In order to compare the rate of diffusion of different 
gases it is necessary to arrange that the “ head of mercury, and 
other experimental conditions, e.g., temperature, are the same in 
each case. Since Graham’s Law also applies to effusion another con¬ 
venient method for comparing the densities of gases is by measuring 
their relative rates of effusion. This can be done by means of the 

apparatus shown in Fig. 2.12 devised by Bunsen. 

K1 consists of a tube A , open at the lower 

end, closed at the other end by means of a 
tap above which is another short tube across 
the mouth of which is sealed a piece of 
platinum foil. 1 his foil is pierced by a very 
fine aperture. A is immersed as shown in a 
vessel of water, C. One of the gases whose rate 
of effusion is to be compared is forced into A 
until the water level in the tube has been 
depressed below the lower mark m x . The tap 
is then opened and the gas allowed to effuse 
under the pressure of the displaced water. I he 
time taken for the water level in A to rise from 
tn t 0 „| 2 is measured by a stop-watch. 1 he 
1,0 Z experiment is then repeated with the other gas. 

Then if <, and t. are the times required for equal volumes (v) of the two 
gases to effuse, and r, and r, are their respective rates of effusion 

v _ v . r i _ l t 

'■1 = 7-' r * - r •• 7 ~t 

/, h r t M 

But, by Graham's Law, - 1 *= J d -± where d x and d 2 are the densities of 

V d 2 

the two gases. Therefore - = A /-“* 

ti V d 9 


Platinum Foil 
(pinholed) 
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§ 10 Applications of Graham’s Law 

Two practical applications of Graham's Law have been made: 

(1) for the separation of mixed gases; 

(2) for the determination of the density of gases. 

If a slow current of a mixture of two gases of different densities be 
passed through a porous tube, the lighter gas will diffuse through the 
walls of the tube more rapidly than the heavier. Thus, for example, 
if a slow current of electrolytic gas, that is, the mixture of hydrogen 
and oxygen obtained by the electrolysis of water, be allowed to pass 
through the stem of a " churchwarden " clay pipe, and the gas issuing 
from the pipe be collected in a gas trough, the gas thus collected will 
no longer explode when brought in contact with a flame. On the 
contrary, it will rekindle a glowing chip of wood, showing that oxygen 
is present. This phenomenon—the separation of one gas from another 
by diffusion—has been called, by Graham, atmolysis drjxds- (< atmos ), 
vapour; A uco (lyo), I loosen. 

This method has been successfully applied to the separation of the 
isotopes of neon (see page 134). The densities of these two isotopes 
are 10 and 11 respectively (compared to hydrogen), so that their rates 

of diffusion are as —= —= = 1*0 : 0-953. The separation is there- 

V10 : \/ll 

lore only slight and it is necessary to repeat the process many times to 
obtain an appreciable separation. The method was also used for the 
separation of the isotopes of uranium for use in the " atomic bomb." 

The application of Graham’s Law was made use of by Sorct (1868) 
in determining the density of ozone (see page 323). Ladenburg later 
(1898) having obtained a gas containing 84-4 per cent, of ozone deter¬ 
mined its density by comparing its rate of effusion with that of oxygen. 
1 he value 1-456 for the density compared to oxygen was obtained. 


§ 11 The Kinetic Theory of Gases 

The properties of gases and the laws describing their behaviour 
when the conditions to which they are subjected are altered have so 
ar been dneossed from the purely experimental standpoint, and the 
laws concerned have been arrived at mainly as a result of inductive 
reasoning based upon the facts provided by experiment It is now 
necessary to consider what hypothesis or theory can be employed to 
bring these laws into relation with each other. * 1 ' G t0 

It is evident that matter must be either a Hkrr^ ^ 
medium. Our study of diffusion in solids iinnti ? continuous 

to reject the hypothesis that matter is continuous* 11 ) K l S cS ea< * s us 
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tion of pressure) expand indefinitely ? How can compression diminish 
the volume of matter itself ? If matter be discrete, we can readily 
answer these queries. Compression involves a closer packing or a 
crowding together of the particles by diminishing the space between 

them. _ . . . 

Conversely, rarefaction involves an increase of the space between 

them, so that they become less closely packed and less crowded 
together. If matter be discrete we can also understand how one 
substance can diffuse into another—e.g., hydrogen into air. 

A study of the physical and the chemical properties of matter has 
thus led to one conclusion. Matter is discrete, not continuous; and 
it is made up of minute particles called molecules. This hypothesis 

is called the molecular theory of matter. 

Are the molecules stationary or in motion ? Here again the pheno- 
menon of diffusion has led us to assume that the molecules are in 
rapid motion. How could gases diffuse one into the other "'such a 
remarkable way if the molecules were at rest ? Diffusion and the fact 
that a mixture of gases with different densities shows no signs of 
settling compel us to assume that the molecules are in a state o 
incessant motion, and that they are travelling in all directions 

They seem to lead a more or less independent existence. I hey 
appear to be continually moving with a great velocity in sensibly 
straight lines in all directions. The molecules in their travels must 
be continually colliding with one another and bombarding the walls 
of the containing vessel. Thus the molecules continually change 

their speed and direction. t M • . , c 

It is clear that an outward pressure must be exerted on the bides of 

the vessel every time a molecule strikes the boundary walls. The 
moving molecules must be perfectly elastic so that after each collision 
they rebound with the same velocity as before ; otherwise their 
momentum would decrease with each collision and the pressurc ol a 
gas would decrease with time, which it does not Hence, it is 
that the molecules are in a state of perpetual motion 

This description of the probable nature of gases is known as the 
Kinetic Theory of Gases and its principal assumptions may be sum- 

marized as follows: . 

(i) the particles or molecules comprising a gas are in a state ot 

perpetual motion; . . .. 

(ii) these molecules move in all directions in straight lines; 

(iiil the molecules are continually colliding with each other and with 
the walU o^ the vessel in which the gas is confined so that they are 
constantly changing their speed and direction; 

(iv) these collisions are perfectly elastic so that no energy is lost. 
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§ 12 Deduction of the Gas Laws from the Kinetic Theory 


Oq the basis of the above assumptions and two further ones. viz.: 

(a) that the molecules of a gas are of negligible size in comparison with the 
space they occupy; 

and (6) that the molecules do not exert any attraction on each other; 
it is possible to make some important deductions. 

Suppose that we have confined in a cube whose sides are / cm. long, « molecules 
of gas, each of mass m, and let the root mean square velocity of the molecules be 
V* The moving molecules will follow, in fact, a zig-zag path, but this irregular 
movement can be resolved into three component directions at right-angles. Since 
there is no tendency for the molecules to accumulate at any part of the cube, we 
assume that $n molecules are travelling with a velocity V parallel to any particular 
edge, and therefore perpendicular to the two corresponding faces of the cube. 
One molecule moving with a velocity V will take IjV seconds to pass from side 
to side, and it will therefore strike a side \ V}1 times per second. At each collision 
with the face of the cube, the velocity of the molecule is reversed in direction so 
that its momentum changes from mV to — mV; that is. its momentum changes 
2 mV. The total change of momentum by molecules striking a side £ V/l 
times per second will therefore be the product A VJl x 2m V x $«, or \nmV l /I. 
This measures the total force exerted on one face of the cube. But the total 
surface of one face of the cube is /•*. Hence, the total pressure per unit area is 
p = \nm K 1 // 3 But l 3 represents the volume t' of the cube. Hence 


pv = {tr.nV* . . (1) 

This may be written pv = j. £ . nm V 2 . . (2) 

But InmV* is the total kinetic energy oi the molecules, which will remain 
constant, provided that the temperature does not change. It follows, therefore, 
that at constant temperature 


pv = Constant 

which agrees with Boyles Law. 

It has been shown (see page It)) that gases which exert no chemical or physical 
action on one another and which are under the same conditions of temperature 
and pressure can lx* mixed without change of temperature or pressure. Hence 
it is assumed that the molecules ol equal volumes of two gases at the same 
temperature anti pressure possess the same total kinetic energies. 

From equation (2) above it is evident that the product pv is equal to two-thirds 
of the total kinetic energy of a gas Hence, if the temperature be altered, pressure 
remaining constant, the kinetic energy (i.e., temperature) must alter to the 
same extent, and hem e also the volume. Otherwise expressed, il the pressure 
remains constant, the same alteration of temperature will alter the volume to 
the same extent. This agrees wuh Charles's Law 

I-rom what has iven said we see that since equal volumes of two gases at the 
same temperature and pressure have the same value for the product pv that is 

and lurther. since, as was shown by Clerk Maxwell, the average kinetic energy oer 
molecu lc,n the two systems will be the same when the temperature is 


it follows that 


Aim,!*,- =*= 4 w, 


i -I 

which agrees with Avogadro's hypothesis (page 08). 

* D, ' kre,,t m0lccults , •* mentioned previously, have diflerent velocities 

I he toot mean square velocity ,s given by v =- \/r^~A~r a •-•» , 

etc. are the velocities of individual modules™,! C ’i' xs ' hc *° c »; c * • • • 

present If all the molecules were actuallv mov . ! *-A he " umbcr of molecules 

total kinetic energy would have the »■' i 1 in *V w,t 1 1 Ui> mo:in velocity the 

ouiu naxc the same value as the actual total kinetic energy. 
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It must be pointed out that this deduction ot Avogadro’s hypothesis depends 
upon the assumption that two gases are in thermal equilibrium when their 
kinetic energies are the same: which is an unvcnfiable assumption. This assurnp- 
tion can similarly be deduced from Avogadro’s hypothesis^ Hence the Kinetic 
Theory should not be quoted as proof of the truth of Avogadro s hypothesis. 

Since pv «= Jmwi V J , the mean velocity 


- 

\ mn 


Now the density of a gas (</) 
Hence we have 


mass 

volume 


mn 

v 


-vs 


1 — 

or. in words, the mean velocity of a gas molecule is inversely Pr°^ional to tthe 
square root of its density. This is clearly in agreement with Graham s Law ol 

D The'^Kinetic Theory not only correlates these previously discovered laws of the 
behaviour of gase“Tut also burnishes a means of calculating some molecular 

magnitudes. 

Thus, since, as above, the mean velocity 

\ mn 

For hydrogen at 0° C. and 760 mm. pressure we have 

mn = mas^o? 1 °c.c” of" hydrogcn^ a t'0°*C . and 760 mm. - 0 0000898ft. 

V W 1 013.250* X 1 


hence V 


T 000008088 

= 184 000 cm. per sec. or 60 miles per min. nearly. 

^ thatThe gals "never 

22US f.T. R, r" a'wholconly moves forward a, a relatively slow 
rate. 

§ 13 Application of the Kinetic Theory to Liquids 

Tt is a familiar fact of observation that gases and vapours (see 
page 37) if cooled sufficiently and subjected to sufficiently high 
Dressures condense into liquids, and it is evident from its nature that 
fn a hquid the particles or molecules comprising the substance are 
definitely exerting a force of attraction upon each other, whatever 

topliSn. 1 ” tCfca Uw. ml in P—. 

of Chart’s Law, has led (page 17) to a conception of an absolute 
scale of temperature, the absolute zero being taken to be -.73 C. 
The K nctk Theory gives a further meaning to the absolute zero 
since, inlerms of thft theory, it is that temperature at which all 

molecular motion ceases. 
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Conversely, molecular motion only ceases entirety, according to the 
Kinetic Theory, at the absolute zero, and it follows, therefore, that m 
ordinary liquids, molecular motion must still occur, although, owing 
to the existence of molecular attractions of considerable magnitude, 
its extent will be much restricted when compared with gases. In 
liquids there will be practically no free path (as is believed to exist in 
gases) and the motion of the molecules is thought to be more m the 
nature of a gliding of particles over and amongst each other. 

A molecule in the body of a liquid will experience attraction on all 
■ sides equally, whereas one in the surface will experience a resultant 
force directed towards the interior of the liquid owing to the absence of 
any marked attraction exerted on it from outside the liquid itself. 

. — v This is illustrated in Fig. 2.13 

/ _ _ _ _ _ and shows that there will be in 

~ -- the surface of a liquid a force 

_acting inwards towards the bulk 

r of the liquid. The effects of 

am -this force are observed in the: 

^ — phenomenon of surface tension 

which thus becomes a logical con- 
Fig. 2.13.—Molecular Forces in a Liquid sequence of the Kinetic Theory. 

Although there can be practically no free path in liquids, neverthe¬ 
less the speeds with which individual molecules are moving will, at 
any instant, vary considerably. Thus there will be a few molecules 
possessing kinetic energy greater than the average of the molecules 
i as a whole, and if such a molecule should approach the surface it may 
have sufficient energy to travel clean through the surface into the space 
outside the liquid. This effect is observed in the phenomenon termed 
evaporation. The removal of such molecules from the liquid will 
result in a reduction in the mean kinetic energy of the liquid which 
thus will become cooler, or, if the temperature is to remain unchanged, 
heat must be supplied from the surroundings. This is the latent heat 
of evaporation. 

The molecules of the substance which have escaped from the liquid 
in this way constitute a vapour * in the space above the liquid. These 
molecules of vapour behave like those of an ordinary gas, and so they 
will be moving with high speeds. Some of these molecules will 
approach the surface of the liquid where some of them will be attracted 
by the molecules in the surface of the liquid and so be dragged into the 
liquid again. These molecules will be accelerated as they enter the 



” w : oul<1 vapours. Otherwise expressed, a gas is 


«... elastic flu ill ala temperature alunciil ie,«» rat o ZZS'*- 

elastic fluid below Us critical lemperalme. but not ... a liquid state 


*«r is an 
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result in an increase in the mean kinetic energy of the liquid, whose 
temperature will rise in consequence. Heat is therefore given ou 

C 0 Sw n Mse O now that a liquid is evaporating in a closed vacuous space. 
The fleetest molecules accumulate as a gas or vapour in the space above 
the liquid The concentration of the vapour in the space above the 
liauid^will go on increasing, but a certain percentage will plunge back 
hUoIhe liquid The number of molecules which return to the liquid 
horn the space above per second increases as the concentration of he 
vapour increases although the rate at which the molecules leave the 
S^d p obabTy decreases 6 as the concentration of ^e vapour increases^ 

equilibrium. Thus, lQ()0 


Water 


liquid 


Water 


steam 


at one end, filled with aiy mer y somewhat but remain at 

the level of the mercury thTatmosphere at the 

such a height as rcpresen P aboye thc mcrcury in such a tube 

time of the experiment. The sp , . cal j^ a Torricellian 

is, to all intents and P ur P°* e / first observed that mercury 

vacuum (after Torricelli who. in 1 M3, such a tubc) . If 

would only stand at a height ~ small pipette into 

one of the tubes, the level o : n * rft Hnrtion of more water until a 
and this process will continue on mercury. The 

thin layer of water is seen resting to t fo a t Q f a column of 

pressure exerted by the water vapo b l et ' wccn {he heights of the 

mercury whose height is ‘-rhe value of this pressure when the space 
mercury in the two tubes h e a ddhion of morl water merely increases 
is saturated, ‘hat: when the ddIt visible on thc mercury , without 

the amount of th « >* l u ‘ d J" at is ' allcd th e maximum vapour pressure. 
causing any increasesin P; shown that, at a given temperature. 
Experiments of this kind n with its own liquid is a 

the vapour P r f.f ur * f :“ d ‘‘ q en dent of the absolute amount of vapour 

«a -y»« ^ »»■ 
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If the surface of the liquid be doubled, it is true that twice as many 
molecules will leave the surface in a given time, but twice as many 

molecules will return. 

If a barometer tube, such 
as was employed in the 
above experiments, be sur¬ 
rounded with a jacket 
through which warm water 
can be passed, and the maxi¬ 
mum pressure of water (or 
other) vapour at various 
t em pera t u res t h us measu red, 
we shall find that the higher 
the temperature, the greater 
the vapour pressure, pro¬ 
vided all the liquid is not 
vaporized; but for any assigned temperature the vapour pressure 
of a given liquid always has one fixed and definite value. 

It has been shown that evaporation is (according to the Kinetic 
1 heory) the result of the escape of the fastest-moving molecules in a 
liquid through the surface of the liquid. Consequently, anything 
which increases the number of swiftly moving molecules should assist 
the process of evaporation. Hence a current of air (through ether, 
for example) will remove these faster particles and lower the tempera¬ 
ture in consequence. Supplying heat to the liquid so as to raise its 
temperature will also remove these fast-moving molecules, for we have 
seen that the mean speed of the molecules is increased by rise of 
temperature. When the temperature is high enough, the exposed 
surface of the liquid is not sufficient to allow the swift-moving mole- 
cules to escape fast enough; bubbles of vapour are accordingly formed 

within the liquid. Each bubble as it forms rises to the surface_ 

increasing in size as it rises-and finally escapes into the atmosphere. 
Ihe process of vaporization by bubble formation is called boiling; 
3nd Hie temperature at which boiling commences, the boiling point 

" hen ! ‘ e YW M “' P r<ssure the liquid is the same as 
the external pressure to which the liquid is subjected, the temperature 

does not nse any higher. Increasing the supply of heat only increase 

Hen« it a is' V som h etim> bU r b, ° S ioTmC '} S ° lo " s as anv '‘quid remains. 
Hence it is sometimes convenient to define: The boiline noint of a 

is'cqual t^EEnT ^ ,he pressure Sf Z h^ud 

surface Th s external r T"**™ a ' an - V P oint 'he liquid 

»urid<.e. i ms external pleasure mav be overfill Kir \ 

air. by vapour and a,r.‘ by other guises etc Hence a , V’. P f T 

a; sets ar ins srsssrjsr 

a pressure of 4 0 mm. of mercury bods a O' C lb'n,, , T Z \ 
doeompo^ .hoi, boiling point nndo, ordi.n.ry pS'£££ 
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can frequently be distilled without decomposition at the lower boil¬ 
ing temperature obtained by reducing the pressure. This is the basis 
of the process of distillation under reduced pressure, or, as it is some¬ 
times less accurately styled, distillation in vacuo. 


§ 14 Deviations from the Gas Laws—Van der Waals’ Equation 

We have seen how the simple gas equation, 

pv = RT, 

was arrived at ; first, experimentally by the work of Bojde and Charles 
and later, deduced theoretically by means of the Kinetic rh ory. ^e 
have seen further that, while for many gases such as b>dr“{,en 
oxveen and nitrogen at temperatures and pressure* not far rmioud 
^ atmospheric 6 this equation is substantially true yet for many 
other gases (viz., those which can easily be liquefied), e\en under these 
conditions, serious deviations from the simple gas ^ , a <• 

the so-called permanent gases also exhibit deviations at \cry high 

Pr in U de e ducing the gas laws Irom the Kinetic Theory, two simplifying 

assumptions were made (see page 27), viz.. : „ 

(i) that the molecules of a gas are of negligible size in comparison 

with the space they occupy, and .. ot i ier 

(ii) that the molecules do not exert any attrac on c>n cat A i ot ^ 

In a gas confined at high pressure these £ £ 

tenable, and account must be taken both o them. One 

molecules of a gas and of the mutual attrac i , r , \\: vi \ s 

of the more important attempts to do this was due to Van der Waals, 

who reasoned somewhat as follows: 

?{i... 

while the volume of the molecule remains con 
stant, the molecule will have less than hall i s 
former distance to pass from one side to t »e 
other. It will therefore strike the walls more 
frequently than before. Hence the out warn 
pressure of the molecule will increase more 
rapidly with decreasing volume than is des¬ 
cribed by Boyle's Law. Boyle's Law refers to 
the whole volume of the gas, but rather sliou 

_.t _... v.. -K ♦l.rt mrilrcilIeS I 



o 


We 


Fig. 2.15 

therefore write v-b in 


me wnoic volume oi xnc gas, ou*. • 
it refer to the space in which the molecules in 
place of v in Boyle's Law, and the result is 

p{v- b) =» " i. I 

where 6 is called the " co-volumc* " or" vi brat< % "^ „°i he *moleculcs since 

It is evident that a force of attraction K as or vapour ,s 
condensation to a liquid occurs when tin I , arc to one another, the 
lowered, and it is clear that the closerJhc ^ This attractive 

greater will be the effect ol the attractive , | |, c clfect is much tie- 

force will tend to make the gas occupy a sina « .... external pressure than 

same as if the gas were subjected to the action ol a greater cxic i 

the observed or apparent pressure ol the gas. 

C 
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It has boon assumed that these attractive forces in the case of two portions of 
gas are proportional to the product of their masses. Since these are proportional 
to their densities, which are in turn inversely proportional to the volumes, we 
arrive at the conclusion that the attractive force is to be put as proportional to 

or equal to where a is a constant. * afv 1 must therefore be added to the 
v* v 1 

observed pressure of the gas in order to indicate the total pressure tending to 
compress the gas. On correcting the equation pv = RT for the volume and 
the cohesion of the molecules, we obtain van der Waals’ equation (1872); 

(/> +£) (" - <-) - K7 

This amended equation agrees fairly well with a number of observations of 
gases under large pressures, and of gases which are near their points of liquefaction 
—e.g., ethylene, carbon dioxide, etc. It also describes many of the properties 
of liquids, and of the continuous passage of a gas to the liquid condition. The 
constants a and b must be evaluated from observations. The numerical values 
of the “ constants " in van der Waals* equation are not always quite constant at 
different temperatures, ^uite a number of attempts have been made to modify 
the gas equation still further so that it may describe the behaviour of gases under 
wide variations of pressure and temperature. J. D. van der Waals (1888) found 
that for carbon dioxide. R = 0-00309; b - 0*0023: and a = 0 00874. Let 
us find how van der Waals* equation describes the behaviour of carl>on dioxide 
under variations of pressure. . 1 his gas is known to deviate considerably from the 
behaviour required by Boyle s Law. On comparing the values of pv for carbon 
dioxide, calculated from the equation, at 20°: 

/ 0-00874\ / x 

\P + —) \ v ~ °*°023j = 108 

with the numbers observed by E. H. Amagat (1893) at 20°, we get: 



pi> 

t> 

t 

atmospheres 

Observed 

Calculated 

1 

1*000 

1*000 

50 

0*080 

0*078 

75 

100 

200 

500 

0* 1 so 

0*228 

0-419 

0-938 

0* 1 “O 

0*220 

0*411 

0*930 


Tt «- < l ,, a ,, on) and (act (the observed 

to the equation >7= J»r L ^ " "T '*** ^-have* accordin( 

has been shown (page 15) the value *>f r, r t uo iot n, ‘ pressures. Ai 

gases except hydrogen andheUnm' Vhc^ %nd th * n tor aK 

At fir»t the value of pv is decreased bv the m \ t,0,, ' N :>cl n °Pposite ways 

the finite dimensions of the molecule ° ^ ul *•» atti utior.. n.i 1 increased b> 

ass £ 

when the volume of the gas is compr^cd™ y‘ 

S r S?dtota Pli “ ^ - ^t„dc varies 

versely as the square of the distancc. dwUknee: thc <>l gravity varies in 
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pages 15. 18.) Several attempts have been made still further to improve the gas 
equation by the introduction of other terms, involving special constants winch 
have to be evaluated from the experimental numbers, but they are of very 
limited application. 

§ 15 The Critical Phenomena of Gases and Liquids 

In 1869 T. Andrews found that if carbon dioxide at ordinary tem¬ 
perature be gradually compressed in a vessel suitable for the observa¬ 
tion, the volume diminishes more rapidly than would occur if Bo\ le s 
Law correctly described the behaviour of the gas; and when the 
pressure attains a certain value, the gas begins to liquefy. A further 
decrease in the volume does not change the pressure, but only increases 
the quantity of gas liquefied. At length, when all the gas has liquene , 
a large increase of pressure only causes a minute decrease in t e 
volume of the liquid, since liquids in general undergo but a small 

change of volume on compression. . a . 

If the experiment be made with carbon dioxide at 0 , the gas com¬ 
mences to liquefy when the pressure has attained 35-4 atmospheres; it 
at 13-1°, liquefaction commences at 48-9 atmospheres pressure; if at 
30°, at 70 atmospheres pressure ; while if the temperature exceeds 3 , 
no pressure, however great, will liquefy the gas. Other gases exhibit 
similar phenomena. For each gas there is a particu ar 
above wWch liquefaction is impossible, however great be the a PP hcd 
pressure. Andrews called this the critical temperature of the gas. 
The following are the critical temperatures of some common substances. 


Hydrogen . 
Nitrogen . 
Oxygen 
Carbon dioxide 


- 240 v Nitrous oxide . 

_ i47 c Ammonia 

- 119° Sulphur dioxide 

4 - 31 c Water 


4- 30*5* 
4-132° 
4-157° 
4-374° 


Aboue 


The least pressure which is sufficient to liquefy the gas at the critical 
temperature is called the critical pressure. and the vo ' l "" c o ^ Up ^ 
by unit volume of gas at S.T.P. when the critical temperature and 

pressure are attained is called the T* m **ratur* 

critical volume. It is interesting to _"_ _ _ x 

notice the influence of temperature Belou) At Aboue 

on carbon dioxide, partly liquid, ,-\ 

partly gaseous. Fig. 2.16, A, repre- >—-v 

sents the upper end of a glass tube 
in which the partly liquefied carbon 

dioxide is confined over mercury, at 

18°. The surface of the liquid has a == 

sharply defined curved meniscus. 

On raising the temperature, the IHH WUi PHI PH| 
meniscus of the liquid becomes A b C D 
flatter and flatter Fig. 210. H.unU\ 2Jft _ Diagrammatic illustration 
at 31°, Fig. 2.16, C. the surface 1,10 of thc critical State of a Gas 
seems to disappear. I he sharp line 
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of demarcation between the liquid and the gas vanishes. At 40°, the 
tube contains a homogeneous gas, Fig. 2.16, D. Liquid carbon dioxide 
cannot exist at this temperature, however great the pressure. 

The relation between the pressure and the volume of, say, carbon 
dioxide, at different temperatures— T, T ( , T lt T 2 —is represented 
diagrammatically in Fig. 2.17. The portion of the curve K 2 T t , or K 1 T l , 



Fig. 2.1 /.—/>: v —Curves for Carbon Dioxide 


represents the behaviour oi the gas when no liquid is present* the 
portion A 2 M or A the behaviour of the gas in the presence of 
US own liquid; and M J>, or .1/, the behar tour of the liquid when 
m. gas is present It w.ll be ob>ervec. that K,M . anti K t M t are straight 

v". H ' iv 7 1 ! Nls i Tl,is in a graphic* manner the 

!:‘ 0 t h , n : '■ M ; ’," y “r 1 tern P on,t,, rc. the pressure of a 

rt'.vVl * ,s a,wa V s Ihe same. The curve 

. ., i rc l"<sents the relation between pressure and volume at the 

at taS'rt an | ‘, 1 ll "' C, V VC TP tho rolati( '" between p and v 
lempiraturi when tin gas does not liquefy Tie lino KK K K 

&&&& 

dew r..rv,> l. . . 1 1 - 'V* *° '"lU' ly. and it i> In nee called the 


«“7g C ns of o',,’";;!"!' •* yva< ' ua,i >- *«**»«»< |TO«>£ first 

this line ; in i‘rlv the UncX /'"\T F\■ ‘i* ‘JSS* 

£$ 2*2 irSIMS 



• • , » *• * iiv eas in 

ctmtal temperature, and is then said 
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to be a vapour —vide page 30. The diagram, Fig. 2.17, thus 

the conditions of equilibrium of a liquid or a gas under different 

conditions of temperature, pressure or volume. 

It is possible to calculate the value of the critical constants from van der 
Waals* equation, as follows. 

Van dcr Waals* equation may be written as a cubit \ . 

such Calues. This latter case corresponds to curves sue! as / -■ W, h, f.* 

At the critical point (K-Fig. 2.17) the three roots I conic 

the critical volume (V e ). Hence at the cntica p ‘ » t . m neraturc is equal 

must be identical with van der Waals* equation when 
a- ____ IT \ anrl the orcSSUTC IS the critical prts*iiu 

ah 


3 V e = b + 


K£c 

P< 


/ RT C 

\ <* 

= l ' 3 - V ■ Pc 

) '• + 7< 

•rs ol V we have 

a . 

ah 

Wfr ; lv 

c! 

11 

a 

Sci 

Pc = 2762: 

27/76 


Pc 


Whence V c =* 36; 

It is interesting to note historically that ^d^s^hcated in 

before Andrews's experiment, noticed that w lie /j surface of 
a sealed tube there is a definite temperature ^ t j lc w hole 

separation between the gas and liquic s ^ j j a Tour's 

contents of the tube become homogeneous : is (ht . 

experiments thus demonstrate that t jc ci - ^ prove that 

upper limit to the liquid state; and Andrews s The 

the critical temperature is the lower hm U j n man . 

passage from the one state to the other proceeds in a continuous 

ner. The liquid and gaseous states heat 

properties density, surface tei^ion,^ ty hla ,{ v !ose their 

of vaporization, compressibility, etc. until at the critical 

distinctive character as the temperature . * * 

temperature, the properties of liquid and ga-*» 

§ 16 The Liquefaction of Gases 

The familiar fact that a liquid such as water ( ‘ s c “ n t ^ r \V‘ , u ^ state" on 
a vapour (steam) and that the latter re 1 ' which ordinarily 

cooling makes it seem likely that many , • C a|j)monia or chlorine, 

exist in the form of gases ° r va P?“^; j Th * aifliculty of applying 
would become liquid if cooled sufficient > • verification of this 

sufficient cooling, however, prevented an cam 

'Tufthe experiments of van Marum and of North.nore <l«»). who 
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succeeded in liquefying ammonia and chlorine respectively by the 
application of pressure, opened up a fruitful field of investigation. 

In 1823 Faraday again succeeded in obtaining liquid chlorine, and 
in greater bulk than Northmore had done, by heating chlorine hydrate 
(page 499) in one limb of a tube shaped as in Fig. 2.18, while the other 
limb was cooled in a freezing mixture. By a suitable choice of mate¬ 
rials he was able to liquefy hydrogen sulphide, hydrogen chloride, 
carbon dioxide, nitrous oxide, cyanogen, ammonia, and a number of 

other gases, but he failed to 
liquefy nitrogen, oxygen or 
hydrogen. These gases for many 
years resisted all efforts to reduce 
them to the liquid state. These 
attempts relied largely on the 
application of very high pressures 
(thus Natterer used pressures up 
to 2790 atmospheres without 
success). In consequence of these failures, such gases as hydrogen, 
oxygen, nitrogen, methane and carbon monoxide were called 
permanent gases. 



Fig. 2.18.—Faraday’s Tube for 
liquefaction of Gases 


$ 17 The Liquefaction of the Permanent Gases 

The clue to the difficulty experienced by the earlier workers when 
the liquefaction of the so-called permanent gases was attempted, was 
furnished by the work of Andrews who, as we have seen (page 35), 
investigated thoroughly the critical phenomena of gases. It thus 
became evident that the obstacle to success in the experiments pre¬ 
viously performed was insufficient cooling. 

* his incited experimenters to concentrate then attention on methods 
tor the production of lower temperatures than those previously obtain¬ 
able, and a number of the permanent gases were liquefied in small 
quantities by Pictet, who used liquid carbon dioxide, boiling under 
reduced pressure, as a cooling medium, and by Caill; tot, who allowed 
the high! , compressed gas to expand suddenly so that in having to do 
a cettain amount of work against the pressure, heat c. iresponding to 
this work was taken from the gas itself whose tor, pciature fell in 
consequence. 

\\ . ( ullen (1755) seems to have been the fust 
tern pci at no of air is decreased by rarefaction 
compression ; and J. Dalton attempted to mea. ur 
whose molecules exert no attraction on o: 


&as 

in a suitable vessel, and compressed, the niorh 
m compressing the gas is equivalent to the >i 

energy 


into the change in volume. This 
equivalent annum of heat which raises ibc n;, r 
On the other hand, if the gas expands against 


u notice that the 
■'.n ; increased by 
N effects. If a 
be confined 
employed 
to pressure 
a d into an 

• of the gas. 
ativ.c\?p!v no pressure. 


* \. 
tli 
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the gas will be cooled because the gas itself has done a certain amount 
of work equivalent to the product of the atmospheric pressure mto 

the change in volume. . 

No heat is developed when an ideal gas expands into a vacuum 
because no external work is done by the gas. This was established 
experimentally by some early experiments by J. L. Gay-Lussac (1*07). 
and by J. P. Joule (1845). Compressed air was allowed to expand into 
an evacuated vessel, and the result, as Joule expressed it was as 
follows : “ No change of temperature occurs when air is allowed to 
expand in such a way as not to develop mechanical power. Hence, 
it was also inferred that no work is performed under these conditions 

against inter-molecular attractions. ..... 

Our study of Boyle’s and Charles's Laws has taught us that inter- 
molecular attractions occur with most gases. Hence, this latter 
deduction might be questioned. The experiments however, were not 
sufficiently sensitive to detect the small change of temperature which 

occurs when a gas expands in vacuo. ... T . 

Later, in a more delicate experiment, J. P. Joule and W. Thomson 
(Lord Kelvin)—1852-62—forced a steady stream of gas slowly along a 
boxwood tube, in which was fixed a porous plug of absorbent cotton or 
cilk. It was found that, at ordinary temperatures, the gas was cooler 
.ifter passing through the plug than before reaching it. I his is a direct 
experimental proof of the exigence of intermodular attractions. 

In Joule and Thomson’s experiments, the temperature of carbon 
dioxide nitrogen oxygen, and air fell about 1°. while the temperature 
of hydrogen gas rose about 0 039° above the initial temperature of the 
gas If however the experiment be conducted at a lower temperature, 
hydrogen gl^ behaves like the other gases, and is cooled. The change 
of temperature which occurs when a gas is driven through a small 
orifice is called the Joule-Thomson effect. The theoretical fall of tem¬ 
perature when the pressure falls from p 2 to />, is about J per atm. 
difference or more exactly, if T be the absolute temperature. 

Fall ol temperature = 75*35(p g — Pi) 7 

If carbon dioxide at 4 atm. pressure at 0° in,P“ sin g u ?°wdl 
plug suffers a fall of pressure to one atm., the fall of temperature 

^-Se^o^ThoSneffect was applied in 1894-5 to the liquefaction 
inejouic i I inde in Germany, and by Hampson in 

of air on a large [ n scs except helium had been liquefied 

fm^such "as hydTogen and "fluorine b? Dewar, by the end of the 

:S„r y Sw by Onnes at L.X J ™ d * 

tance? P The principle of the Linde-Hampson method will be understood 



after an examination of Fig. 2.19. The air to be liquefied—freed from 
carbon dioxide, moisture, organic matter, etc. enters the inner tube 

of concentric or annular pipes, A , under 
a pressure of about 200 atmospheres. 
This tube is hundreds of yards long and 
coiled spirally to economize space. By 
regulating the valve C the compressed air 
suddenly expands in the chamber D. The 
air thus chilled passes back through the 
tube B which surrounds the tube A 
conveying the incoming air. The latter 
is thus cooled still more. The gas passes 
along to the pumps where it is returned 
with more air to the inner tube. In this 
manner, the incoming air at 200 atmos- 
hquid au pheres pressure is cooled more and more 
as it issues from the jet O. Finally, 

Img. 2. 1 vi. Linde 'j> Apparatus when the temperature is reduced low 
for liquefying Air (diagrammatic) enough ()rops o( liquid air issue from 

the jet. The tubes must all be packed in a non-conducting medium 
to protect them from the external heat. 

It was suggested by Lord Rayleigh that the process could be made 
more efficient by allowing the expanding gas to do work in an expan¬ 
sion engine, whereby the heat equivalent to the work done by the 
engine is taken from the gas. This principle was applied by Claude 
in 1900 and is employed in modern liquid air plant, the expansion 
engine being used to drive a dynamo, mu! thus a portion of the energy 
used in compressing the air is recovered, and at the same time the 
cooling is more rapid. 



The temperature of liquid air is about - 190'C. and there is thus 
a far greater difference between its temperature and that of ordinary 
atmospheric air, than there is between the temperature of ice and 
boiling water. The preservation of liquid air is thus a far more 
dilticult problem than would be involved in preventing cold water 
boiling away while surrounded by a steam jacket at 200°. lames 
Dewar solved the problem by keeping the liquid air in a double (or 
tuple) walled vessel with the space between the 

walls evacuated (Fig. 2.20) Glass is a poor conductor ~ n „ - 

and a vacuum is a non-conductor. Hence, the liquid I || 
in the inner vessel can receive heat only from above 
and by radiation. 1 he glass walls of the evacuated J) ll 
space are silvered to re. luce the effects of radiant heat {( V) —- 
Still air is a very had conductor, so that the open , i 1 VV^fV 

of the vessel is plugged lightly with cotton wool "vT 
in order to reduce tin- ingress of heat from outside tv 
a minimum. In this way, liquid air can be trans. : ' ,r - 2 20 
poited by rail, etc., w ith surprisingly little loss. bw.ai Flasks 


l ie.. 2.20 
: A v.ai Flasks 
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§ 18 The Manufacture of Oxygen and Nitrogen from Liquid Air 
The boiling point of Hquid poinTof 

12 y 8 8 » e C whTch though small, is sufficient to allow of the,r separat.cn 
by the evaporation cl liquid air which is a — of «*j • „ 

Whenever a mixture of two G f *' t comcs Q ff usually contains a 
made to evaporate the l of lower boiling point, and the 

greater proportion of the ^ubsta constituent of higher boil- 

residual liquid will therefore be ncher m the imm f scib le, or 

r y t“'u» y . a . "”£fv,i.w £ r 

““ utu ™ 1 linq ““ ,,,y ’ 

mixed with some of the less v ° ‘ l | 1 L 
The latter will condense more 


one. i tie . — . t „ 

readily than the former so that a 
film of liquid will be found running 
down the tube, rich m the 
volatile constituent. fhe rising 
vapour meeting this liquid, u'. s 
and so evaporates off from it a v a P“ 
relatively rich in the more volat c 
part, while condensing more of the 
less volatile portion in so doing. 

Thus, the rising vapour become 
steadily richer in the m >re v°Utde 
constituent as it passes up the • 
while the descending portion 'ccomes 
richer in the higher boiling par • 
this way an almost complete separa¬ 
tion can be effected if an efficient 
column be used. , 

This principle is applied no. -. . 

manufacture of oxygen an 1 mtrog , e secn , the less volatile, and 

from liquid air, oxygen being, as uehav 

nitrogen the more volatile constituent. 




l-io 


Rod *nd D.»c tyP« p * ar lrP * 


2 21 ._Fractionating Columns 
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vessel. The action is here similar to that described in the process for tte l^ue- 


faction of air. Fig. 2.10. After a time. 

Compressed o> r 



Fig. 2.22. —Linde’s Apparatus for 
the manufacture of Oxygen from 
Liquid Air (diagrammatic) 


obtained as pure as is commercially' dc 
sired, but the escaping nitrogen contains 
over 7 per cent, of oxy'gen 

In 1906 Claude introduced an 
improved apparatus, involving two 
new principles as compared with 
Linde’s method. As mentioned 
previously, he made use of an ex¬ 
pansion engine for assisting in the 
rapid cooling of the air and for re¬ 
ducing the loss of power in the 
process; he also liquefied the air in 
two stages, so obtaining two liquids, 
one rich in oxygen and the other in 
nitrogen. He employed a tall frac¬ 
tionating column and introduced 
the liquid rich in nitrogen near the 
top of this column, while the liquid 
rich in oxygen was passed in lower 
down the column at a point where 
the descending liquid had become, 
through the operation of the col¬ 
umn, richer in oxygen and of about 
the same composition as the liquid 
being added. 


the air is nqueneu iu me 
about the spiral 5. The more volatile 
nitrogen boils off more rapidly than the 
oxygen. Hence, a gas rich in nitrogen 
passes up one of the two annular outer 
pipes as indicated on the left of Fig. 2.22. 
The liquid rich in oxygen is kept at a 
constant level by means of the valve, and 
thus the rate at which the liquid air in 
the collecting vessel is allowed to boil is 
also regulated. The oxygen passes from 
this tube on the right of Fig. 2.22 
along the outer annular pipe, and finally 
emerges from the apparatus whence it is 
pumped into cylinders, etc., for use. If 
the valves are all properly regulated, the 
inrushing air is cooled by the counter 
currents of oxygen and nitrogen. The 
two latter gases pass along the tubes as 
indicated in the diagram. The tubes, etc., 
are all well insulated with non-conducting 
. By this process oxygen can be 



I*ig. 2.23.—Claude's Apparatus for the 
separation of Oxygen from Liquid Air 
(diagrnmm.uic) 
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A diagrammatic sketch of Claude's apparatus is shown in I r ig. 2.23. Jhe cooled 

where it is partially liquefied The l l ^ d j T he vapour which 

has s^^ved^^nden^^o^en^rs 11 ^ a^d then descends through a nn^ 
arranged concentrically about the set nitrogen. 

The p U ?^t:ofthe .^centra. 

2STo 5 oxygen^s &S 

down. The pressures and rates of flow are ^ u >atcd by c c Nitrogen 

nitrogen is 3° or 4° lower in temperature than the liquid nch « from thc 

evaporates from the down-streaming liqui . ,. ns ?tion of oxygen helps on 

up-streaming gases. The heat supplied the conden^tion pro P gros . 

the evaporation of nitrogen. Conse ^, nt 7' nsccn( ii n .» gases richer in nitrogen, 
sively richer and richer in oxygen, and ‘ t | 1crc evaporated by thc 

satere ts sasurs ^ «-* as sis t 

p^'sS sac a» - -fS5K t=sf $5 

available in quantity. 


tP 
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CHAPTER 3 

CHEMICAL CHANGE 


The common operations oi chemistry give rise in almost every instance to 
products which bear no resemblance to the materials employed. Nothing can 
be so ialsc as to expect that the qualities of the elements shall be still discoverable 
in an unaltered form in the compound.— W. Whewell. 

Nature in her inscrutable wisdom has set limits which she never oversteps. 
—Jean Key. 

§ 1 Physical and Chemical Changes 


It is a commonplace of observation that changes are constantly 
taking place in all the substances which surround us ; changes which 
may or may not have been induced by our own intervention. These 
changes are classified for convenience into two t 3 f pes, physical and 
chemical, and although, as is frequently the case with our attempts at 
classification, there is no sharp dividing line between the two, the 
conception underlying this classification is of fundamental importance 
in chemistry. Broadly speaking, it may be said that a physical 
change involves only a few of the properties of the substance under¬ 
going it and is of such a kind as to give us no reason to suppose that a 
new substance has been formed; while on the other hand a chemical 
change is attended by so far-reaching and extensive an alteration of 
the properties of a substance that we are bound to conclude that a new 
substance has resulted. 


In practice, three criteria are employed in distinguishing between 
physical and chemical changes. These are: 

(i) Chemical changes are accompanied by a profound alteration in 
properties, while physical changes are partial in character; 

(u) Chemical changes are usually permanent, while physical changes 
continue only so long as the exci.ing cause remains and can take place 
and be repeated as often as this cause is in operation; 

(iii) ( htmkal changes are usually attended with fur greater energy 
changes than are physical. 

When liquid water becomes ice or steam there is no change in the 

id'co Kth' 11 ' ‘ ■ L sub f anct ’ for ,lK ' matter which makes steam 

ami ice is the same in kind as that of liquid water. \ instance can 

general!) change its state, as when liquid water become .-team or ice 

^ ,,haSiZCd bV ,he ,: ‘ fl th “' "> 

anct edl,<(1 b > the sa "ic name, whether it be in the solid linnid 
or gaseous state of aggregation eg we <ne k n * q ' 

“ liquid " air. “ molten " silver chloride Mr \ ox >' gen ’ 

change its volume !,v expansion or coSr'aa on • 'il '"' ‘"T" ^ 

text,,,*, as when a porous solid is comoressed m' chan S e 

may .. "he„ ; i; 
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matter'does^ot & ?££ thoL propertied which distinguish it 
from other forms of matter. . ajr a white powder is forme.'. 

with very different specific properties from those 

employed at the start. an ,i when the source of 

When water is heated it turns into steam ami u he n t ^ 

heat is removed the ^LTinTijThe wLite Swder resulting remains 
when magnesium is heated in a * i s j 10 ws no tendenev 

as such when the source of heat is of these is a 

whatever to revert to magnesium metal. 

‘physical, and the latter a chemical, change. 


§ 2 Mixtures and Compounds 

• c « _ rnattpr whether as found naturally. 
The investigation of .f a 'yP "d?m ddervention. soon reveals the fact 
or formed as the result of hum 1 portions readily seen to be 
that some samples are easily sorted F substances . These last arc 
different, whereas others seem J> ( defined as single species 

sometimes called pure subslauc* . and ^"^dittoS. charac- 

of matter distinguished by exh bitmg under g^ thu s be 

teristic and invariable properties^ Samples ol 

subdivided into mixtures and g ( P .■ j v j z elements and 

Pure substances may be “V’^nees which so far have not been 

compounds. Elements arc su 6 compounds are substances 

resolved into any simpler form o m ^r Thc distinction 

produced by the chemical combmatwno^m^i ^ pQSsibility of 

between elements and a f orm of matter simpler than 

separating from the sider the experimental tests necessary 

Kdei^S^a^hemical compound from a mixture 

Summarv _The tests for distinguishing chemical compounds from 

« -— 

proportions ? 

i »—p—- 

t *—* - 

thc substance was compounded . 
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1. The constituents of a compound are combined in definite 
proportions.—If a substance produced in different ways be not 
constant in composition, it is not considered to be a chemical com¬ 
pound, but rather a mixture. R. Bunsen (1846), for example, showed 
that the proportion of oxygen to nitrogen in atmospheric air is not 
constant, because the oxygen varies from 20-97 to 20*84 per cent, by 
volume, by methods of measurement with an error not exceeding 
0-03 per cent. Hence, the oxygen and nitrogen in atmospheric air 
are said to be simply mixed together, and not combined chemically. 
\Ye shall soon see, however, that substances with a definite composition 
are usually, but not always, chemical compounds. 



2. Compounds are homogeneous, mixtures are usually hetero¬ 
geneous.—It is comparatively easy to detect particles of sugar and 
sand in a mixture of the two; and a simple inspection of a piece 

of Cornish granite will show 
that it is a mixture of at 
least four constituents— 
silvery flakes of mica: 
black patches of schorl: 
(or tourmaline) whitish 
crystals of felspar and 
clear glassy crystals of 
quartz. A photograph of 
a thin slice of this rock, 
as it appears under the 
microscope magnified about 
50 diameters, is shown in 
Fig. 3.1. Although the 
particles of felspar, mica, 
schorl, and quartz differ 
from one another in size 
and shape, no essential 
Fig. 3.1.—Cornish Granite difference can be detected 


_ A the composition and 

propmi.-s of different samples of pure quartz, pure felspar, mica, and 
schorl. Hence, it is inferred that the sample of granite is a mixture 
of schorl, felspar, quartz, and mica; and that each of these minerals 
is a true chemical compound. Very frequently, the constituents of a 
m.xture are too small to he distinguished by simple inspection, and 

rev ll tl, l 'w >arS homogeneous. A microscopic examination may 
ro ,:. r heterogeneous character of the substance. Blood and 
mi k. ,ot instance, appear to be homogeneous flunk but under the 

; c f r d er m a r ars as 1 ««* 

magnification, the greater the probability of detect,, , whether !he 
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bodv is homogeneous or not. Sometimes the microscope fails to detect 
noniomogenfuy under conditions where other tests indicate hetero- 

^Beforl constant composition can be accepted as a proof of chemical 
JSfaSSTK* .!» b, shown that .h. subjl.ncc » 

A homogeneous substance .s one in which every P* rt S “ bS t 

Si 2fS5i the S comrary, and ye. no, have . eons, 

whether a given 

substance is a mixture or a true chemica c 1 ,, bc separated by 

3. The constituents of a mixture 5“ wnueof fineiv powdered 
mechanical processes.—The P ro P crt !® ,' ial u . xt -books' since 1823 
iron and sulphur have been used in chemical tompol ,nds. It 

to illustrate the difference between • Rub t( t | u . r a mixture 
would be difficult to find a bette 1 ^ (jf r() || sulphur in a 

containing say 6 grams of iron d 4 g^ _ intcrmedi a tc 

mortar, and note that. (1) tnc c odnhur* (2) the particles 

between the colour of the iron am j^j ^hed’under the micro- 

of iron and sulphur can be rca \ * without ditficulty by 

scope; (3) some of the iron can be runovcd^tho^ ^ ^ 

means of a magnet; and (4) th J_ pa per by means of carbon 

by washing the mixture on a dry "' tcr P a P" bo J, disu |phide; the 
disulphide. The sulphur dissolv , . the filter paper; and 

solution can be collected in a dish P thc car bon disulphide to 

the sulphur can be recovered by a b . eh ind as a crystalline 

evaporate from the dish. Sulphur • paper. Here then 

residue. The metallic iron remains r ated by the mechanical 

the constituents of the mixture have ^e separated It 

processes-the attraction of a magnet and the actio. ^ ^ ^ find 

is not always possible to apply thc * u | int0 its constituents, or. 
later, sometimes decompose * CO n Tn?am^tu r eto combine, 
conversely. " cause thc constll "‘ " t • n l/n, c so-called mechanical 
Mechanical processes separa * MaenetinK, hand-picking, 
rocesses of separation usually include . 11) ^ ^ ^ 


constituents in suitable solvers : W . ° 

(0) Liquation ; (7) Diffusion . ' . , f t that the so-called 

It may be useful again » 

• See a later section on Ultramicroscu* 
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" mechanical ” processes of separation, involving solution, freezing, 
and distillation, are not always satisfactory tests for distinguishing 
chemical compounds from mechanical mixtures. It is generally 
stated that “ a solution of sugar or of salt in water is a mechanical 
mixture because, though homogeneous, the salt or sugar can be 
recovered unchanged from the water by the mechanical process of 
evaporation/' This is an unwarranted assumption. The salt and 
water may have combined, and the product of the chemical combina¬ 
tion may be decomposed into salt and water during the process of 
evaporation. 

4. A mixture usually possesses the common specific properties 
of its constituents ; the properties of a compound are usually 
characteristic of itself alone.— I he properties of a mixture are nearly 
always additive, i.e., the resultant of the properties of the constituents 
of the mixture. For instance, a mixture of equal parts of a white 
and black powder will be grey. The specific gravity of a mixture of 
equal volumes of two substances of specific gravity* 3 and 5 will 
be 4. because if 1 c.c. of water weighs 1 gram, there will be a mixture 
of 0-5 c.c. weighing 1*5 gram of one substance; 0*5 c.c. of the other 
substance weighing 2*5 gTams; and 1-5 + 2*5 —- 4 grains per c.c. 

If a portion of the mixture of sulphur and iron indicated above be 
placed in a hard glass test-tube, and warmed over the bunsen (lame, 
the contents of the tube begin to glow and a kind of combustion spreads 
throughout the whole mass. If when cold the test-tube is broken, it 
will be found that (l) the porous dark mass formed during the action 
is quite different from the original mixture; (2) under the microscope 
the powdered mass is homogeneous; (3) it is not magnetic like iron 
(provided that the iron was not in excess); and (4) it gives up no sulphur 
when digested with carbon disulphide. These facts lead to the assump¬ 
tion that there has been a chemical reaction between the sulphur and 
the iron. When chemical combination occurs, flic reading constituents 
appear to lose their individuality or identity more or less completely, and 
each new substance which is fanned has its own distinctive properties. 

5. Thermal, actinic (light), or electrical phenomena usually occur 
during chemical changes. Attention must be directed to the fact 
that a great dial of heat was developed during the combination of 
the iron and sulphur. The heat required to stall the n artion does 
not account tor the amount of heat developed durim; ihe reaction 
1 his point i- perhaps better emphasized by placir ... i> <e mi.xtun 


* i i -- —I » i • ’ 

of powdered >idphur and zinc on a stone slab. Alt- . IU1II1V . 
bunsen burnt t ha- been allowed to plav on a poi* of »he mixtc 
for a short tivui to start the reaction, the /im and -a. bur combi 
with almost - • ive violence. Large am ui [ light i 

developed during the reaction. 


mixture 
(lame of a 
mixture 
ombine 
are 


• Specific Giiavuv The student is suppo . w d 

> ttu rati ■ if 0 

: > ht '■ l ‘ : ' umcof water taker 


. the gravity is 
a cub stance to 
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If a plate of commercial ^ be placecl b e placed 

bubbles of gas are cop'ously evcdved;^ d^ ^ hcat is generated 
in the vessel, the nse of temp * Dure ver y little, if any. ga> 

during the chemical action. I nl Uo of platinum be dipped in 

is liberated. It makes no difference >f a plate o, p,a w , to fomc 

the same vessel as the amc provided the plates are by a picC e 

into contact with one another. If th 1 . from the surface of 

of copper wire, a rapid stream of bubbles arise ^ ^ ^ 

the platinum plate, and some g but tb c zinc is rapidlt 

platinum is not attacked by the add ina> ^ > nte . d in ,i, e circuit 
dissolved. If a galvanometer flection o( the needle shows that an 
between the two plates the t ; nu m to the zinc, as represented 

electric current “ passes fro ™ ;f c cncralcd bv the chemical reaction 

by the arrows. The electric curren gc . • the (orma tion of zinc 

sulphate ^-tinue until either a„ the acid or 

all the zinc is used up. _ ntinnaI)v 

No mt nc,a,ur ,-The .und-on of tK ^*t 

called the negat.ve or - pole. and J VC » 5C | ol acid with »*?. 

.. 

Platinum I Dilute sulphuric acid I /-me 

The chemical reaction just j S Xihe dlhemnM'nns 

—l7rt,« rSu"'"-EiS»y y u 


mixed together in suitable P'-l--, , s ... ... 

is no sign oi chemical ac .on, andTacr^,, ^ conchlsl v C . because 
proofs that air is a mixture. a t Uk (nv/ing 0 f liquid water arc 

the condensation of water \ P . j c |iangc although heat is evo '<< 
often cited as examples of physical t . 

in both transformations. Uu . ava if a ble tests, but in spite ol 

The above list does not cxlwu ' lingering doubt whether a par- 
what we know, there is some tunc ^t chi . )nical compound. 11ns 

cKci'inrc is a mixture _others arc 


wnat we Know, - - ...... C mnm.i. - 

ticular substance is a mixture impracticable, others are 

arises from the fact that some o . the tests ^ j ^ it , s not 

indecisive. As previous y stated a n ,.thing but the truth, 
always easy to state the truth » c | u mical compound because 

Suppose a substance is suspected to be a ^ ^ ?hat lt has a 

it appears to be homogeneous ifi( . s our f.rst suspicion, and the 

fixed definite composition. Hit more pro |,able conclusion than 

joint testimony gives a vc \ 
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either alone. By piling up the evidence in this manner, for or against 
our suspicion, we can make a chain of circumstantial evidence which 
enables highly probable conclusions to be drawn. Each bit of evidence 
taken by itself is not of much value, but all the evidence taken collec¬ 
tively has tremendous weight. It is easy to see, too, that the proba¬ 
bility that a hypothesis is valid becomes less as the number of 
unproved assumptions on which it is based becomes greater. On the 
other hand, plausible hypotheses neatly dovetailed may sometimes 
fit together so well as to strengthen rather than weaken one another; 
but the truth of the hypotheses is not thereby established. 

We can even get a numerical illustration. If the definite-compound 
test be right nine times out of ten, the probability that a given sub¬ 
stance of definite composition is not a true compound is ^ ; similarly, 
if the homogeneous test be right three times out of four, the probability 
that the given homogeneous substance is rit>t a chemical compound 
is \ ; and the probability that the given homogeneous substance of 
definite composition is not a true compound is T * s . Every bit of 
additional evidence in favour of a conclusion multiplies the proba¬ 
bility of its being correct in an emphatic manner , and evidence 
against a conclusion acts similarly in the converse way. Huxley has 
stated that one of the tragedies in science is the slaughter of a 
beautiful hypothesis by one iiicongrunit fact ; a conclusion based 
solely upon circumstantial evidence is always in danger of this 
Damoclean sword. 


§ 3 The Law of Conservatic. i of Mass 


Lavoisier (1774) heated tin with air in a closed vessel and found 
that the weight of the whole system, before and after the calcination 
of the tin, was the same, thus showing that the whole system had 
neither gained nor lost in weight. This experiment demonstrated the 
fact that in spite of the most painstaking care, every time all the 
substances taking part in a chemical reaction are weighed before and 
after the change, there is no sicn of any alteration in the quantity of 
matter. 1 his fact is sometime -* calk'd the law of the indestructibility 
of matter and was tacitly assumed by many old investigators. A. L. 
Lavoisier is generally supposed to h ive (n 't demonstrated the law in 
1, <4 by experiments like that cited above, but »he law was definitely 
enunciated m 1750 by M. W. I.omonossoff, and it must have been at 

the back of J. Black’s mind when he worked on the alkaline earths 
m 17o;>. 


1 he chemist s law of the indostruetibilit 
that the total of th( clci 

constant through, all the physical and cii n: 
undergo. The observed facts nr< J> i- f 

Conservation of Mass ; no change ie 
substances taking part in any chemical p ve 


*t 1 


of matter " really means 
i icting system remains 
• v .a.uges it is made to 
: er.ti-./cd as the law of 
totrii v eight of all the 
> has ever been observed. 
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s'^jrss *v* ssrsm sares 

^ h !_ ^ D t odu c« il the weight of one of these four substances be 

U computed by solving 

repeating them with proper precautions. to-day, many 

When faith in magic was more prevalent thanis >. uld ^ 

believed that by some potent mean c n0 n-existent.* Superficial 

called out of nothingness, or could be made iwevM ^ e l vapora - 

2E75s£ffi fffS, 

sssairs r,™ —« 

is an illusion. Matter may change 
.its state as when liquid water is 
vaporized, and when a candle is 
burnt. In the case of a growing tree, 
the nutrition the tree receives lroni 
the soil and from the air (carbon 
dioxide) is overlooked. hi§>; • 

illustrates an instructive experiment 
which is commonly used to show 
that the apparent destruction ol 
matter in the burning of a candle i 
illusory. A candle, A, is fixed on 
one pan of a balance below a cylinder 

B. A piece of coarse wire gauze. The wire gauze supports 

C, is fixed in the lower part of the; y mixture of granulated soda 

a few lumps of quicklimct on whi ‘ h da linic cloggin ; the 

lime and glass wool-thc scale until the bean, o the 

tube. Weights are added to the righ Thc gascs nsing from 

balance is horizontal. The candle » fe thc products of combustion 
the flame pass through the cyhne e ^ f our minutes the pan carry- 

are absorbed by the soda lj me \ . j : n *j lc diagram. The increase 

ing the candle is depressed as il u ^ products of combustion by the 
in weight is caused by the fixati formed by thc combination 

soda lime. The products of by weighing* 

• H. Spencer considers that all the so c ? weighing implies that the matter 

tacitly assume the object beingJ?tjvcly unchanged in quantity; or. as• • • 
forming the weights remains relatively beC ause matter .s mdcstn.ct.bk. 

RedgTovc pointed out. weigh• weight measures matter 

and matter is indestructible be n amc . /-j 

t To prevent water dropping on ^ 

r^° 



Fig. 3.2. —Apparent " 

Weight during Combustion (after 
I I. E. Roscoe an<l C. bchorlemme 
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of the carbon and hydrogen of the candle with the oxygen of the air. 
The oxygen of the air was not weighed in the first weighing. 

Every time a chemical reaction takes place in a closed vessel, which 
permits neither the egress nor the ingress of matter, the total weight 
remains unchanged within the limits of experimental error. The more 
carefully the experiments are made, the more nearly do the values 
approach identity. Both A. Heydweiller (1901) and H. Landolt 
(1893) have tried to find if a loss in weight occurs during chemical 
action. 

In 1900 the former reported the occurrence of small changes in weight 
when certain reactions were carried out in sealed vessels. Thus 80 gm. 
of copper sulphate dissolved in 150 c.c. of water and decomposed with 
15 gm. of metallic iron appeared to suffer a loss in weight of 0-217 mgm. 

Landolt conducted a series of experiments beginning in 1893 and 
continuing until 1908 in order to discover whether these losses were 

real or could be traced to some source, or sources, 
of error in the experiment. 

He placed in separate limbs of Jena glass tubes 
shaped as in Fig. 3.3, solutions of substances which 
react without the evolution of much heat (so that 
disturbances owing to this cause might be eliminated 
so far as possible) and sealed off the tubes. Examples 
of the substances he employed are: 

(i) silver nitrate and potassium chromate; 

(ii) slightly acidified potassium iodate and potas¬ 
sium iodide; 

(iii) lead acetate and sodium sulphide. 

(i\) acidified potassium chromate and sodium 
sulphite. 



Landolt's 

Experiment 


The tubes were weighed, using exactly similar tubes as counter- 

capable of detecting a change in weight of 1 part 
.n 10 000.000 at its maximum load. One of the tubes was then tilted 
so as to cause reaction to take place and after cooling it was reweighed 
when a very small change (usually a loss) in weight was noted The 
counterpoise tube was then tilted and the processes repeated 

in veLht C ^' f nlK IKr 'T n ! 3 a slipb ' (nwNimiim 0167 mgm.) 

■ f, as obscrved i 1)ut 'l was later found, alter a verv lone 

observed : PPr,mCntS ,ha ' thcro causes for the chingf 


moisture ccmdensed^oi^’tlie ' Uat cau - d -aporaUon of traces of 
recondense for a considerable Time-" ' CSS- ’ 1, ,hcsc traCeS did not 


period. 

By allowing the reaction vessels to st 


mu ;oi a iong period after 
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reaction had taken place before reweighing. Landolt found that they 
recovered their original weight within the limits of .. 

—in this case 1 part in 10,000.000. Landolt thus concluded that 
" since there seems no prospect of pushing the precision of the experi¬ 
ments further than the degree of exactness attained, the ex^nmentaJ 
proof of the law may be regarded as established. 1 ' K ' h , 
Conservation of Mass can thus be stated. A variation in the to a 
weight of the substances taking part in chemical tactions, greate 
than the limits of experimental error, has never been detected. 

T T Manley in 1912, using a balance into which he had introduced 
many refinements, and applying corrections for or ‘ak.ng precaut,ons 
to avoid certain possibilities of error in Landolt s experiments. as 
able to show that ?n the case of the reaction between barium chloride 
and sodium sulphate, any variation must be less than one part in 

100,000,000. 

§ 4 The Law of Constant Composition 

Attention must now be directed to the singular o^ejvafjon "jade by 
Jean Rey (1630) that during the calcination of a inetal ^ ^ 

weight of the metal increased from the beginning ■ continue 

the metal is saturated, it can take up no » Do not contmue 

the calcination in this hope: >' ou v \°" *, jL am u f a ir is absorbed 
ments have shown that one gram and conditions of the 

by definite amounts of g'vcn nctah under th^ ^ , ha , the 

experiment and Lavoisier s_ work 1 ,, onc part bv weight 

oxygen of the air is alone absorbed. •' h i 

of oxygen is equivalent to: _ 

_ .. . , /; nc Aluminium Copper 1 in 

Oxygen Magnesium 3.97 3*71 

j 1-52 4-UK 1 “ 

Instead .1 taking the tvdgh. .1 

own S insS “‘unity. Hence.MpU** preceding number. 

by 8, we obtain: 


Oxygen 
8 


Magnesium 
12-10 


Zinc 
32 «4 


Aluminium 

800 


Coppci 

31-71* 


Tin 

20-08 


When magnesium'"s ca^Hn^e .,r = * oxygen, the metal 

magnesium,"or « ^ 

12-16 parts by weigh, of ny.gnesiurm . ^nt waysTand likewise 
when magnesium oxide is made ‘ |S ,, G n ar tog puts it: two 

-me composition. The converse 

° f Thc exact^vorkof 1 j! S^Stas and of T. ^J^;| S ^t'ol "Unlicld 

t.Srr-tnp.e. studied, among other 
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things, the composition of silver chloride prepared by four different 
processes at different temperatures. He found that 100 parts of silver 
furnished 132-8425, 132-8475, 132-842, 132-848 parts of silver chloride; 
and that neither the temperature nor the method of preparation had 
any influence on the composition of the chloride. The difference 
between the two extremes is less than 0-00G part per 100 parts of silver. 
This shows that the errors incidental to all experimental work are 
here remarkably small. Hence, Stas stated : "If the recognized 
constancy of stable chemical compounds needed further demonstration, 
I consider the almost absolute identity of my results has now com¬ 
pletely proved it." 

The student will take notice that we are unable to prove the law of 
constant proportions with mathematical exactness. However skilful a 
chemist may be, it is impossible to make an exact measurement without 
committing an " error of observation " or an " error of experiment .” It 
is assumed that the small difference 0-005 per cent, between the two 
extreme results of Stas (1) is wholly consequent upon the unavoidable 
eiioi^ of experiment, tor we cannot expect an exact solution of the 

pioblem; and (2) is not the result of a very slight inexactitude in the 
law of constant proportions. 

I he composition of a definite chemical compound appears to be 
independent of its mode of formation, .r.d therefore it is inferred that 
substances always combine in defm* proportions. If an excess of 
one substance be present, the amount in excess is extraneous matter. 

(Ic ; ductK,n from the observed facts is called the law of definite 
\ oportions, or the law of constant composition : a particular chemical 
n 1 ™" 0 ahvavs contains the same elements united together in 

heims^ i P n!r r r, '' V* "• „o generalisation in 

bv mmuin l 1 n V established than this. It was not discovered 
b> am particular man. but gradually grew among the doctrines of 


gtiieuilization that a few accurate and careful 
sidled sa.uciciU to settle, once for all, the com. 
•or^ui.taiKe, if a substance possessing all the i 
be given to a chemist, without takiv 
t it will contain 12-10 parts of ma :i’ 


oxuh 
know 

of ox; •• n. 

Hi i -rical.—-The validity ot the law was < 1 - . 

maim ' ’’t K thc ycars ^twen i«.H. i . 

1 l ". ,(I taal constant composition is n 

Hcrthol t t maintained that constant 

— « sitionthemle^Srst ' 1 u% 

has a ^*"" < l **'xcd V, composition° M xnturo ‘ i#: 


\u 


•iments are con¬ 
it of a substance. 

- of magnesium 
■tore trouble, he 
ior every 8 parts 

ol an interesting 
J. L. Proust 
rule; C. L. 
> the exception, 


f» 


1 V 


juoting: 


to which nature 


t oH ’ Cts a compound, even 
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through the agency of man, other than balance in hand , pondeveet me ^ ta - 
Between pole and pole compounds are identical in composition Their a PP^" 
ance may vary owing to their manner of aggregation, but their properties ne e . 
No differences have yet been observed between the oxides of iron from the;. u 
and those from the North; the cinnabar of Japan has the same c \ > 
the cinnabar of Spain; silver chloride is identically the same* whetlier obtained 
from Peru or from Siberia; in all the world there is but one sodium ch or . 
one saltpetre; one calcium sulphate; and one barium sulphate. .• 
firms these facts at every step. 

It might be thought that positive assertions of this ^''d, backed by 
accurate experimental work, would leave no subject for disf < • 

But, surveying the battlefield in the light of the present-day knowledge, 
it seems that another quite different phenomenon was confused with 
the law of constant composition; and the methods o • 
not very precise. Some, probably from the unfoun e 
“ Proust deservedly annihilated Berthollet, cal the genera 
discussed in this section " Proust’s Law. In point o ac P , . . 
non which Proust apparently did not clearly recognize jh. < 
from annihilating Berthollet. 

§ 5 The Law of Multiple Proportions 

The formation of chemical compounds is n ° t A^iT'Thenfica! 
fortuitous process, but it proceeds in an orderly • (U . r 

combination is restricted to certain fixed propo * ‘ t oJ 

These limitations appear to have been prescribe > ‘ arrestct ] the 

her scheme in building the material universe. ‘ ‘ calcination 

attention of J. Rey in 1030. Key s conclusion that in the cal M 

of the metals "nature has set limits which she ^ o| ’ lc 

agrees with many facts; but there are certa JJV 0 ‘ ‘‘ orc than 

gram of lead be calcined for a long time at ot * grains 

1-103 grams of a red powder-red lead-is obtained. 
of oxygen correspond with 021 grams of lead. c ‘ () . n7s gram 

at about 750°, one gram of lead will not take up 1 nt K crw \ se expressed, 

of oxygen to form a yellow Pof lead. Here then 
64 grams of oxygen correspond with HJ gr* 1 t , cftnitc OX ides- 
nature has set two limits ; lead forms at 1 «- • » stab i c at a 

a red oxide stable at a dull red heat and a yM thc 
bright red heat. The relative proportions of lead ami vg 

two oxides are as follows : , j 

° X Jf n 021 = 207 X 3 
Red oxide (red lead) . • *28 = 207 X 4 

Yellow oxide (litharge) . • „ • 

This means that for a given weight of oxygen, * £ V bo f orms 

four-thirds as much lead as the red 

two well-defined oxides called respectively cai w 

dioxide. In these we have: C arl>on 

Oxygen carnon 

u j — i x •» 

Carbon dioxide . • • 0 = 2x3 

Carbon monoxide 
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At least five oxides of nitrogen are known. 


In these, the relative 
proportions of nitrogen and oxygen are as follows: 




Nitrogen 

Oxygen 

Nitrogen monoxide 

• 

* 14 

8=1X8 

Nitric oxide 

• 

14 

10 = 2 X 8 

Nitrogen trioxide . 

• 

14 

24 = 3 X 8 

Nitrogen tetroxide 

• 

14 

32 = 4 X 8 

Nitrogen pentoxide 

• 

14 

40 = 5 X 8 


These five compounds of the same elements united in different propor¬ 
tions form a series of substances so well marked and contra-distin¬ 
guished that it is questionable if the most acute human intellect would 
ever have guessed that they contained the same constituents. Starting 
from the compound with the least oxygen, we see that for every 14 
grams of nitrogen, the amount of oxygen increases by steps of 8 grams. 
Accordingly, in all five compounds of nitrogen and oxygen, the masses 
of nitrogen and oxygen are to one another as m X 14 : n x 8, where 
m and n are whole numbers. Several cases equally simple might 
be cited. Similar facts led J. Dalton (1802-1) to the generalization 
now called the law of multiple proportions: if two elements combine 
to form more than one compound the different weights of one which 
combine with the same weight of the other are simply related. 

I here is no difficulty in tracing the “ simple ratio " m : n in the cases 
which precede, but it is not always easy to detect the simplicity of this 
ratio in perhaps the larger number of cases. For instance, the ratio 
m . ti for compounds of carbon and hydrogen passes from 1 : 4 in 
methane, up to 60 : 122 in dimvricyl, and still more complex cases are 
not uncommon. Still, the law is considered to be so well founded that 
it can be applied to predict the composition of compounds w T hich have 
never been prepared Thus, if an oxide of nitrogen containing rather 



mtrogon not m the proportion 14 : S or a multiple of 8, it is in all 

probability a mixture not a true compound. Thus, air contains 

U ™ the proportion of nitrogen to oxygen is as 

evidence to I | USUa V f l T° n ‘\!° ns " * th ott ’ cr circumstantial 

K \ to sl " nv . tl,e probability that air is a mixture and not a 


chemical compound. 


$ 6 The Law of Reciprocal Proportions 
careful" studv* of P-bli-hed the results of a 

I'-atl arr «|mvalent. for ihov ui.iio v iii 'o 4,9 P*"* 

oxides, and with 58-78 of ox V£cn, forming 

since 58-73 parts of sulphur nd 20 (i mrt' , : al,,, " des - H ? nc , e - 

with 381 parts of lead! then i sul hur and 

i nur and o.xv^. n unite chemically. 
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58-73 p.«. of sulphur will uuite WJ ««£%& “gR, mo £$S 
the law of multiple proportions ^ oxygen. In confirmation, 

multiple or submultiple of -9 P ‘58-73 parts of sulphur are 

Berzelius found that in sulphur^d.ox.de. M x 29« 

united with 57-45 parts of oxy,, ■ methods of analysis 

= 59-2 and 57-45 is rather great, but some oi me n approxin ,a- 

were crude in the time °‘'^O^have in obtained in recent years, 
tions—very nearly 1 in oO.OUO h f re Berzelius’s work, proved 

J. B. Richter, some twenty years before Berz^ adds and 

that a similar relation held K°° . Law * to combinations lietwcen 

alkalis. Berzelius extended Richter s l generalization 

the elements. The above f^'^i^^^ pmportions. The weights 
sometimes called the law P ^ elemcn ts which react 

—multiple or submultiple—of the e i eme nt. taken arbitrarily 

with a certain fixed weigh o s If two substances. .-1 and 

as a standard, also react with oneanm ^ { a|u , g can combine 

B, each combine proportions in which they combine 

with each other only in ‘ , those proportions. . 

with C, or in some simple m P . j two elements A and B, it is 
If a compound be formed b> the uni a thirt , dement C unites 

only necessary to find the proportion i^ tlu . proportions in 

with one of the two elemen . < y • j ca | relations come out very 
which C unites with B. These > wh ich the different members 
clearly by comparing the proi raiu j 0 tn. combine with a constant 

of a series of elements, se'e c • s pose the analysis of a substance 
weight of several other element • ~ H sp ropor tions winch we should 
shows that its ingredients are not 1 1 £ c ,‘, of j ts components with 

expect from the known combina ons l substance analysed 

S 7 Combining " ^ obulllrf b) . ,ho chcmicl 

The following numbers r< ’P“ • e lected at random: 
analysis of a number of substances select ^ ^ p<;| CCIll 


Silicon dioxide 
Hydrogen chloride . 
Magnesium chloride 
Water - 
Silver chloride 
Silver fluoride 


p< r cent 
Silicon 
Hydrogen 
Magnesium 2 » 

Hydrogen 1J‘* 
Silver 

Silver K.»-0..». 


4003; Oxygen 
2-70; Chlorine 
Chlorine 
Oxygen 
Chlorine 
Fluorine 


.73-07 

07-23 

74-47 

HX-Kl 

24*74 

14-075 


silver ciuui ivjv Silver - - - 

Silver fluoride standard, let us calculate what 

Taking any one ol the elemen s ; com binc with a given quan- 
amount of each ol the other oxygc n = « as the standard, 

tity of the selected elemc - - thc lalllt . t ol u„s floneralizaiion. 

• c. F. Wenzel, * 7 ”-^Tn V,™.orkal error 
This, however, appears to tx ai 
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Starting with silicon, 53 07 parts of oxygen are combined with 46-93 
parts of silicon. Consequently, we have the proportion 

53-07 : 8 = 46-93 : * ; or, * = 7-07 

for silicon when oxygen = 8. Similarly, for water, hydrogen is 1-008 
when oxygen is 8. Again, in hydrogen chloride, when hydrogen is 
1-008, chlorine is 35-45; in silver chloride, silver is 107-88 when 
chlorine is 35-45; when silver is 107-88, fluorine is 19; and when 
chlorine is 35-45, magnesium is 12-16. Collecting together the results 
of these calculations, we get 

Oxygen Silicon Hydrogen Chlorine Silver Fluorine Magnesium 

8 7-07 1-008 35-45 107-88 19 12-16 

We have previously (page 53) obtained a number of results for some 
metals (or the standard O = 8 by a different process, and the number 
for magnesium obtained by an indirect process : Oxygen -> hydrogen 
7* chlorine (hydrogen chloride) -* magnesium (magnesium 
chloride) gives the same result within the limits of experimental error 
as was obtained by a totally different process. Similar results are 
obtained in all cases subject, of course, to the greater risk of experi- 
menta 1 error when a long chain of compounds is involved. * 

wj. hu ,?f U h!’.'?, arC , kn0 "'! aS thp co,nbinin « "eights, or equivalent 
ue ghts of the respective elements, for from them it is possible to 

deduce the important generalization that a number can be assigned 

3 ,-gg 

I lie <|iiantit\ of S parts l>v weight <»f nvr , . j » . , 

the standard for equivalent weights bccn ado P ted as 

with all the elements except the® nert - "‘V’ * , com P ound 

Wo thus MMivc at the folio/ d .initio.,; 
inc combining weight >*■ ... , 

the number of parts bv v. a 7 t i, 1 ' • • ^ . a . n clcment 

8 parts by weigh! of tmeee «r\h ,L • or replace, 

element. ** ° r ,hc comb.mn,. ., n: of any other 


S8 The Atomic Theory 
The tear laws of chemical com!,. 

•'* !S<: 11 tT >f law of Constant t\,. n! . 

, °* ' .' • : "“l I t ' the lav of K, 

observe . l-cts. They oxw 

we ny.:l u a, - ise about tlicit in;-. • . 


feeling tint there must b, ....... 

111 : : ' ill account 1 >1 


•inu 


b;u 
♦’ in 


'rvation of 
1 Multiple 
summarize 
* • ' hypothesis 
• «tn intuitive 
*•* * i' tit 11 1ion of 
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The ancient philosophers made many quaint guesses at the const mi- 

century B.c), ortSEn modern 

century B.C.), and the r guess h , taueht : (1) matter is 

chemistry T^ phU^phe^ ^ are separated 

discrete, (2) all substances* are in const ant motion ; 

from one another by void space, (• ) toms The atoms were 

and (4) motion is an inherent property of the atJ • ^ { were 

supposed to be too small to be pc rc ® 1 ^ . an j unchangeable. 

further supposed to s te and ll" of arrange- 

Atoms differed from each other in jf ape s'ze d to depend 

ment. and the propert.es of all substances were P velc 

upon .he „,mr. . .he ^ Iv.il.U. .o .he 

its long life—in the form‘ °* * L t . v unlike the old speculation. 

ssjs K»c2sa <*«*. and— 

Robert Boyle Robert Hooke. J (16*75) tried to explain 

partial to a theory of atom*. Isaac ^ ma J c up of mutually 

Boyle’s Law on the assumption tha g* . • j c hanges to different 

repulsive particles; a fairly clear 

associations of the atoms. M. • matter j n 1748 ; while Bryan 
concept of the atomic struct /i 7 «q\ exnlaincd the constant 

Higgins (1770) and William of atoms, 

composition of salts, with more o different atoms 

Bryan Higgins appears to have held the^view^ti ^ rtion on ly; 

combine in the proportions o * Vj nat i on in multiple proportions, 
while William Higgins imagined a ^nbinaUon it ^ 1^ 

but believed that_ the combination 1.1 irTfel>0 ssit>le to say who 

Dalton's atomic hypothecs.—It is », n u with chemistry 

invented the atomic C u: ce j ns the hypothesis was little more 

itself. In the work of Wdham High ^ fo >l DaUon lo quicken the 
than an inanimate doctrine. It tl * ^ DaUon (1801) employed 

dead dogma into a living hyp • jj^ us j on G f gases, and later 

the atomic hypothesis to explain J Q j inattC r and of chemical 

(1803) based a hypothesis of the st which may be regarded as 

combinations upon the following theory : 

" T ry At b om C s anf real 1 disc re tc particles of matter which cannot be sub- 

srsis',«*•t» «* —*«• - 

in weight. 
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3. Atoms of different elements have different properties—weight, 
affinity, etc. 

4. Compounds are formed by the union of atoms of different elements 
in simple numerical proportions—1 : 1; 1:2; 2:1; 2:3; etc. 

5. The combining weights of the elements represent the combining 
weights of the atoms. 

The hypothesis of Dalton respecting atoms, and more particularly 
atomic weights, is not quite that which prevails in modem chemistry. 
John Dalton considered the atom to be indivisible, and this is expressed 
in his aphorism: " Thou knowest no man can split an atom.'* T. 

Graham defined the atom not as a thing which cannot be divided but as 
one which had not been divided. The modem idea is that while the 
atom is perdurable in chemical changes it may be and probably has 
been resolved into component parts. A formidable meta-chemistry 
has been elaborated, and is wholly based on the assumption that an 
atom is a complex system. (Cf. Chapter 9.) 


§ 9 The Atomic Theory and the Fundamental Laws of 

Chemistry 

It is necessary now to consider how far the Atomic Theory, as 
propounded by Dalton, agrees with the facts. The most important 
evidence for it which was available in Dalton's time was its explanation 
of the fundamental laws of chemistry, viz., the Laws of Constant 
Composition, of Multiple Proportions and of Reciprocal Proportions. 

Since, according to the theory, the atoms are chemically indivisible 
and indestructible, chemical changes must consist of a rearrangement 
or mterchange of these atoms. No change in weight is to be antici¬ 
pated from a mere redistribution of portions of matter, the total 
amount of which remains constant. Hence the atomic theory is in 
accord with the Law of Conservation of Mass. 

f „ lwo e 5f ments "nite to form a compound they do so. according 
/ leo D» because atoms of each element unite in simple numerical 
m a, n V .° nC P a, ticu!ar compound this proportion is 
I irk in 1 * K . atoms °* OIK ‘ element arc* alike (particu- 

co.nV u tn g rl; C ,,r ° ,H>rt,0ns hv which the two elements 

c Lnl? a £iven compound must olvvavs be the same. This 
is tin Law of Constant Composition 

tW ° eUnUM * lS A a,Ki H ri.se to three different 

ui 'T tn^ ,hat 111 "’ere c atoms of A united 

Wki, v of r “ r f t - r °l- ! ^ the second, and 

K li compound wUl be : h * ! ’ tho ct “'Potion by weight of 

u j c./ : ih 
lid nn : mb 


(iii * ut 


where « is the weight of an atom o. .1 and & tint of « 


an atom of B. 
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Writing these slightly differently we have: 

W a : 7 6 


(ii) a : ™ b 
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x 

(iii) a : — b 
y 

The weights of element B combined with a fixed weight of element .1 
will thus be in the proportion: 

, rn y_ 

c n x 


or clearing of fractions: 

dnx : ntex : yen. 

Now all these several quantities are small whole numbere b^ the 
theory, hence each of the products dux, me*. ye,, will hlunixb 

an integer. That is, the proportions of B comb.n n «dm le numberThI 
of A in each of the three compounds is a small whole number. 

is the Law of Multiple Proportions. nostul ites of 

Dalton's Theory shows i?^intc^r»th the Law of Reciprocal 
Proportions. 


§ 10 The Atomic Theory and Atomic Weights 

Dalton's Atomic Theory is thus able to 
mental laws of chemistry as deduced by experiment. but there 

direction in which it proved to bc ' ' is ( i, c smallest particle 
According to the atomic theory an atom «it he ^ c P cmica , 

to bc fixed ? In carbon monoxide, for example, uc have oxygen 
carbon in the following proportions by weight . 

Oxygen : Carbon = 8:6 

and in carbon dioxide 

Oxygen : Carbon = » • *>• 

What is the atomic weight o. 

man^ different ^‘IXn^SSe may be a compound of one 

HHh 

" chemically. " but our definition ol ™ |^ y ,* rI11 •• atom " was oi.ee used 

nor about the ultimate nature of the atom ‘V* ' .. 

to represent the " smallest interval ol time, a moment 
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oxygen atom with two carbon atoms, each with a combining weight of 
3; or a compound of one oxygen atom with one carbon atom with a 
combining weight of 6. In the latter case, carbon dioxide is a com¬ 
pound of one carbon atom combining weight 6 with two oxygen atoms, 
and the same combining weights would have been obtained if any 
number n of carbon atoms were combined with 2n oxygen atoms. 
Similar difficulties arise when we apply the idea of atoms so far 
developed to other combinations of the elements. There is, therefore, 
some confusion. The concept of the atom becomes more or less 
indistinct and vague when the attempt is made to develop a consistent 
system solely on the basis of the atomic hypothesis as propounded by 
Dalton. Dalton’s theory alone is thus not enough to fix the atomic 
weights of the different elements. 

The way out of the difficulty was ultimately found as a result of the 
work of Avogadro, and this must form the subject-matter of the next 
chapter. 


§ 11 Chemical Symbols and Nomenclature 

Naming the elements.—A great number of the elements have been 
christened with names derived from Greek roots. E.g., iodine —from its 
violet vapour ; chlorine —from its green colour; chromium —from the 
colour of its compounds; rhodium —from the rose colour of its salts; 
osmium from its smell; helium —from its occurrence in the sun; 
argon from its indifference to chemical reagents, etc. Other elements 
have been named more or less capriciously; thus some elements are 
named after particular localities— strontium, from Strontian (in Scot- 
laud), ruthenium, horn Ruthenia (Russia); yttrium, ytterbium, erbium, 
and terbium axe all derived from Vtterbv (in Sweden); palladium is a 
name given in honour of the discovers' of the planetoid Pallas ; uranium 
in honour of the discover/ of the planet Uranus ; beryllium is derived 
from the name of the mineral beryl; zirconium, from the mineral 

- l T»? n i'*VK ?am 'A rC i r . n the ?P a,lish “Plata/- silver; thorium, from 
Thor the son of Odin, a god m Scandinavian mythology; vanadium, 

P?™. a T Sca, !| ,n 1 aV,an Van a J is; tantalum, from • Tantalus in 

G lnLc y h n 0 ^; a . n( , " lo . hl,tw > 110,11 daughter of Tantalus. 

oid Chemists to reprint different substances 
+ ; ,i ° r °M arnp1 ^ was represented l-v the svmbol ® or 

* for the >un. silver, by (. the moon. Lav^r-Y used the symbol 

cp in advance by 
1'. and combining 
t in a compound. 
i‘bon. Water was 
nxbon dioxide by 
1. T hey are too 

• one or two letters from tire rccot.s-Wd nanfe^oMhe 


• ,or w ' Ur ; -/ for oxygen. Dalton 
representing the atoms of the elements 
these symbols so as to show the ehn 
Urns, ® r< presented hydrogen 
represented by > ( . carbon mon 
• 1 hese symbol- have aJl l>. 

cumbrous. To-day v e iollow !. I )> 
IS11. and use 


in iu« » 
by svird 
IPs ple> 
feu; 

i . 4* . 

::!>;•* ud m 


ei /elm* 
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element to represent any particular element.* Thus, 0 represents 
an atom of oxygen; H, an atom of hydrogen; C, an atom of carbon; 
N, an atom of nitrogen, etc. The names of nine elements start with 
C, and to prevent the possibility of confusion, a second leading letter is 
selected either from the name, or from the alternative Latin name of the 
element. Thus, C (carbon), Ca (calcium), Cd (cadmium), Ce (cerium), 
Cl (chlorine), Co (cobalt), Cr (chromium), Cs (oesium), and Cu (cuprum, 
copper). The elements with alternative Latin names are symbolized: 
Sb for antimony (Lat. stibium); Cu for copper (Lat. cuprum); Au 
for gold (Lat. aurum); Fe for iron (Lat. ferrum); Pb for lead (Lat. 
plumbum); Hg for mercury (Lat. hydrargyrum); K for potassium (Lat. 
kalium); Na for sodium (Lat. natrium); and Sn for tin (Lat. stannum). 

The evolution of chemical nomenclature. —Until nearly the end 
of the eighteenth century, no systematic attempt had been made to 
name chemical substances in such a way as to indicate their composi¬ 
tion. The names then in vogue were more or less arbitrary, for they 
were relics of alchemical terms—e.g., crocus martis —or derived from 
their discoverer—e.g., Glauber's salt —or based on some superficial 
resemblance furnishing what J. B. Dumas called the language of the 
kitchen. Thus antimony trichloride was called butter oj antimony 
because of its buttery appearance; zinc chloride, butter of zinc ; and 
arsenic chloride, butter of arsenic. These three substances were classed 
together with butter from milk. Similarly with oil of vitriol, olive oil, 
etc.; spirits of wine, spirits of salt, etc. T. Bergman and G. de 
Morveau simultaneously and independently attempted to devise a 
more complete system of naming chemical compounds. A. L. Lavoisier 
presented a report to the French Academy and terms like " ic ’’ and 
“ ate," and " ous ” and “ ite ” were employed. J. J. Berzelius followed 
up the subject, and inaugurated the system which is virtually that 
employed to-day. 

Naming the compounds.—Each element forms with other elements 
a group of compounds which are said to contain the respective 
elements, because the elements in question can be obtained unchanged 
from the compounds. Consequently every compound has an elementary 
or ultimate composition. Compounds are symbolized by joining 
together the letters corresponding with the different elements in 
the compound. Thus, HgO represents a molecule of mercury oxide, a 
compound of mercury and oxygen. When only two elements are united 
to form a compound, the name of the second element is modified so 
that it ends in -ide. 

The symbol for the element also represents one ol its atoms. If 
more than one atom is present in a compound, a small figure is appended 
to the bottomf right-hand corner of the symbol for an atom of 

• Some elements have not yet been christened with a name recoini/ed by all. 
Niobium—symbol Nb—and columbium—symbol Cb—are two different names 
for one element; glucinum—symbol G1—and beryllium—symbol He—are two 
different names for another element. 

t in France, generally at the top 
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the element, to indicate the number of atoms present. Thus H z O 
represents a molecule of water, i.e., a compound containing two 
atoms of hydrogen and one of oxygen; CO represents a molecule of 
carbon monoxide—a compound containing one atom of carbon and 
one atom of oxygen; Xa>C0 3 represents a molecule of sodium 
carbonate—a compound containing two atoms of sodium, one atom of 
carbon, and three atoms of oxygen. A number affixed in front of a 
group of symbols represents the number of times that group occurs in 
the given compound. Thus crystallized sodium carbonate is sym¬ 
bolized Na 2 C0 3 .10H.,0. This means that this compound contains 
the equivalent of one Na 2 C0 3 , and ten equivalents of the group H z O. 

Compounds of one element with oxygen are called oxides, and the 
process of combination is called oxidation. When an element forms 
more than one oxide, a Greek numerical suffix is often prefixed to the 
word “oxide." Thus, S0 2 is sulphur dioxide; S0 3 , sulphur tri- 
oxide ; CO, carbon monoxide; C0 2 , carbon dioxide; PbO, lead 
monoxide ; Pb0 2 , lead dioxide or lead peroxide. 

Sometimes the termination -ic is affixed to the name of the metal 


for that oxide which contains the greater proportion of oxygen, and 
-ous for the oxide containing the lesser proportion of oxygen.* For 
instance, SnO is either stannous oxide or tin monoxide; FeO is 
ferrous oxide ; and I*e 2 0 3 ferric oxide. The last-named method of 
naming the compounds is not always satisfactory when the elements 
form more than two compounds, l'o get over the difficulty, a prefix 
hypo- (meaning under, or lesser ”) is sometimes added to the 
compound containing the least, and per- (“ beyond," " above ") is 
added to the one with the most oxygen. Thus: 

Persulphuric acid . HS.O, Perchloric acid . . . HCICh 

Sulphuric acid . . . H,S0 4 Chloric acid . . . HC1CX 

Sulphurous* acid . 1I 2 S0 3 Chlorous acid . . . HCIO. 

Ilyposiilphurous acid . H.S.O, Hypochlorou* acid . . HCIO 

1 he li\c nitrogen oxides nitrogen monoxide, nitric oxide, nitrogen, 
trioxide, t / y tro x»de, and pentoxide—would be awkwardly named by this 
system. Oxides like alumina—A1 2 0 3 ; ferric oxide—Fc 2 0 3 , etc., are 
sometimes called stsqiuoxuics (Latin, sor/m. ^ne half moref.t 

iirinrhd nOI ?if n # C n ture ,.°i ,nor « a,lic chemistry is thus based upon the 
1° tha J tl,e ^l^rent compounds of an ,lenient with other 

io 1C fh?" be 1 na,no ; 1 h y a change in the beginning or termina- 

additiui! K -witness erne and Ivrum- orrides; and also by the 

i n f„r m ' r . ,C “l Snl1,X . showi,, > number of atoms of 

tin lom-spoiuhtig element m Us compounds 

l ot lustorir.il reasons, tin- n.,„. . ... . ... 

sys.. , , I.sc the aim. • ic u , * »«W conlorm to this 

an.l tln-. ..n,...unds s.il>,e<nunllv <1,- ,.v, .' ,\ ' . r > ."rst discovered, 

* I lir \»lcs can Ik- rottsh . hvitl , . .«vuvdmgly 

water, form mid*, and others ... ,.i ‘ ox,dus - 

oar j ".; I |. ■ a sharp |„„ ., 


oxitit's hav* 
turn a m>Ih 


' uo not contorm to this 
-ut 1 lirst discovered, 

'• •! .«t\arding)y. 

Some oxides, with 
v ■ * • easy, at this stage of 
• v *’■* f ai two. The acidic 


iv a 'aur taste m.i on* two. inc aciatc 

-I red litmus $£ at^'hlti Z , , '' th * ** 




CHAPTER 4 

AVOGADRO’S HYPOTHESIS AND MOLECULES 

of Solomon 

§ 1 Gay-Lussac’s Law of Combining \ olumes 

vt i _n.u nn irifl directed the attention of chemists to 

the* relations' existing between the weighw of etancnt^whieh c^bme 
in different proportions. Gay-Lusac « tabhshcd «the 

natura^ist"and 

c rr ^ 

Humboldt and Gay-Lussac . found the ratio of hvdrogen 

which hydrogen and ox yKen com . proV idcd that the measure- 
to oxygen, by volume, to be ne > contU Y ions o( temperature and 
ments are made under coinf« ‘ wore in excess of these proper- 

pressure. If either hydrogen orajg exp | 0 sion, as a residual gas. 
tions, the excess remained, altci tnc \ 

Humboldt and Gay-Lussac (1805) found ^ ^ res , duc 

Vols. oxygen N Vno > ** 101-1 hydrogen 

100 goo 101-7 oxygen 

After making corrections for 'of'oxygen rci|uircd for 

-2-a-r^^'Si^ & .... 

^^r^byThe^simpikity ^ therefa^mn th^fomnieja^^a^^ 
(1808) followed up the subjee: y 4< always combine in the 

gases. As a result, he c^ncluded^tnat^^g . nstancc under the same 

Chlorine Hydrogen chloride 


Hydrogen 


r “ ■ -.1- - 


2 Volumes 


2 Volumes 


D 
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Two volumes of hydrogen combine with one volume of oxygen forming 
two volumes of water vapour (which condenses to liquid water if the 
temperature be below 100°). 


Hydrogen Hydrogen Oxygen 




Water 


3 Volumes 


2 Volumes 


Three volumes of hydrogen and one volume of nitrogen form two 
volumes of ammonia. Thus: 


1 


Hydroge n Hydrogen Hydrogen Nitrogen Ammonia 


4 Volumes 2 Volumes 

Accordingly, we define Gay-Lussac’s Law : when gases react 
together, they do so in volumes which bear a simple ratio to one 

It is h "’ a ? d , ‘° / he voIum l c of the gaseous product of the action, 
rlw 4 ' c ° ursc - that the initial and final products of the 

reactions are under the same conditions of temperature and pressure. 

«««out 

that the law is not fx-in \ c S ® , de IF c e of accuracy, have shown 

by passing steam over sodium us,nR P urc hydrogen prepared 

replacing the grease normally lUnti I °^ 8C T 1 oblai ” c<J from silver oxide, and 
phosphoric acid (in order to clnnimt. t U lubrication of stopcocks by syrupy 
carrying over of Siteerease m , h . \ C whlch he io ™<* to he causal by the 
oxygen combine at S.T P. in the rario° '| CSSe,) ' found that hydrogen and 

eluded'th£t "he ratio “"looks' ti!, 181 ’• “ a rCSU,t of r ‘ 9 determinations, con- 
The special features W,th Scott ' s vriue very closely, 

special methods and subjected t.» r\n r' UM .*J g v ? r . v P urc P^cs. prepared by 
use: (ii) making all measurement* 5°t° U ?i ^ ur,ficatlon an<1 examination before 
order to avoid all un^hUv dno % * at C ami 7ti0 pressure in 

Charles s Laws. a, “ ty duc to dcviat *°“ of the gases from Boyle’s and 

The hydrogen W was pavsed oV!-? C; V,^t ^ :! S ‘* ^ barium hydroxide solution. 

»t. and further purified cither by the• i!,» l ‘V ! and Phosphorus pentoxide to dry 

of liquid air. which rcaililv absorbs nit coconut charcoal at the temperature 
atfects hydrogen, or bv passin • r ov r ° 8t »? ?. nd ox >'pcn, but which scarcely 
oxygen present to water, followed bv m -P. 1 admm black, which converts any 
heated palladium tube, which is penne d^ 8< i t l . ro . u ^ Jl t,u * walls of an electrically 
, 1 he oxygen was purified bv u 1 ,? nl V t0 h > drogen. 

fractionation. > I u <-fact ion (by immersion in liquid ai 
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The residual hydrogen was then ^ 

and its volume accurately measured , thc j r composition by volume 

Other gases which have £ry P close to. but not 

gMs -^yas isissrprsa, - -w» *■* 

hydrogen in ammonia to be 1: 3 001 /2. numbers follow from the circum- 

"The deviations of these f ^'l obeyl tte simple gas laws, i.e.. 

stance already referred to that no g *k c magnitudes of these deviations, 

Boyle's Law and Charles's therefore, that what- 

even when small, are different fo ^ ( J* atter w hich reveals itself in the almost 

ever may be the underlying peculiar > hold with absolute exactness 

exact generalization of G*y-L»«f „{ u resuch as those of our Standard 

for an arbitrarily assigned pressure P ^ but s i ncc Boyle's Law is more 

Temperature and Pressure must La W will also be more nearly exact 

closely obeyed at low pressures^ > ' which is held to account for the 

at very low pressures. TJ® “™ c t ^Sn P if ga s laws (see Chapter 2) may be 

‘explanation of the non-exactness of Gay-Lussacs 

Law of Volumes. . ,. , 

In th. ch.pt., w, 

combine by weight to a peculiar y t lt follows at once (1) 

here we are tempted to make “ $i ^ ple proportions by volume, 

if elements in a gaseous state . ..proportions by atoms, then 

and (2) if the elements also uni <- • I reacting gases must be 

the number of atoms in equal vo Gay-Lussac's hypothesis 

simply related. J. Dalton c0 [\ C ,'^o!u m es of the afferent gases under 
required us to assume that ' ua i number-say »-of 

the same physical conditions co o{ hyc j ro gen react with one 

atoms. If this were so, when t 'V f steaI n, 2« atoms of hydrogen 

volume of oxygen to form two volum * m * ound atoms " of steam. 

react with n atoms of oxygen t atom of oxygen to form 

Hence, two atoms of hydrogen n*ct with oj*atom^ ^ ^ ^ 

two " compound atoms of stea . make two " compound 

oxygen must be split into hal fundamental postulate of the 

atoms ” of steam. This contradicts the * u »^ c knowe P st no m an can 

atomic theory, or Daltons api * t atoms are indivisible in 

aa 

zys >• >• cie “ iy 

to try another. 

§ 2 Avogadro’s Hypothesis 

. i * th<* fallacy in Dalton’s reason- 

A. Avogadro (1811) pointed ou ' clearly between elementary 
ing can be avoided if we j 5 Avogadro assumed that the 

atoms and the small particle* 8 • ^ j c f in jte number of atoms, 

small particles of a gas arcag 8£ ule . or d e r to distinguish them 
and called these aggregates molccu 
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from the ultimate atoms. The term " molecule ” is the diminutive 
form of the Latin word moles, a mass. Each molecule of an elementary 
gas contains the same number and kind of atoms. 

Hence, modifying Dalton's guess he suggested that " equal volumes 
of all gases contain the same number of molecules.” To illustrate 
how this helps us to resolve the dilemma in which Dalton's suggestion 
places us, let us for the moment assume that each molecule of hydrogen 
gas is composed of two atoms of hydrogen, and let us make a similar 
assumption for oxygen. 

Suppose that two volumes of hydrogen contain 2n molecules of 
hydrogen, then one volume of oxygen will contain n molecules. These 
react to form 2 n molecules of steam—each molecule of steam contains 
two atoms of hydrogen and one atom of oxygen. Hence, as W. K. 
( lifford expressed it, although atoms cannot be split so that one atom 
of oxygen enters into the composition of two molecules of water, yet 
one molecule of oxygen can be divided between two molecules of 
water. 

Again, with hydrogen and chlorine, supposing that the chlorine 
molecule also contains two atoms, then one volume of hydrogen, con¬ 
taining n molecules, will react with one volume of chlorine likewise 
containing n molecules, to form two volumes of hydrogen chlorine, 

i.e., _>< molecules each consisting of an atom of hydrogen and an atom 
ol chlorine. 


Avogadro thus modified the atomic hypothesis and introduced the 

° u tU '° ° rdcrs °, f minute Particles. (1) the atom as the unit of 
chemica 1 exchange ; and (2) the molecule or the smallest particle 

of „ ° r com P° Und Which Cxis,s free in a 8*s. This definition 

A molecule U »hr U ii e ? U ‘ nd< : d 1 int0 th< ‘ less satisfactory definition : 
exists in i f , particle of an clement or compound which 

stance d. n^ l o ; moan,M f-' ‘hat the specific properties of a sub- 
inolecules P hT s,.?. li,.-t Particles remaining intact. If the 

have the mV * 1 OI a . u ^ ,ll0,ltc ^) the substance will no longer 

particles (moleculesHs'dXrentf’ ““ " atUrC ° f the com P° nent 

at the saim^u i !i ft IUS ' S ’ ' s to sa V> ‘hat equal volumes of all gases 

cults has nrov^ u h C0,,tai " »«•»*» »f mole - 

theses i,‘, he d l I ° I,C , ° f ( thc . ,nos ‘ suggestive and fruitful hypo- 
appeared to Vam! ° f " hemistr >V " “as correlated what 

what appeared to be di <• conrr “ t,uu >ry ; >t has harmonized 

atomic hS^K a clea 5 h 1 im ,Ul and “ lade Dalton’s 

although' put forward as earlv tlSlV^h «’ K ‘ ,l,eo T Neve ‘ theless * 
time confusion had become' so ’ 1 as uwt un “ 1 1Sa8 - by which 
Progress of chend^r,- as n»Vwr thTrf -° ,hreatcn st ' riousl V the 
"'S Avogadro’s hvpothesis prominentlv ' l f' Z7- ’ r ? succecded bring- 
! 111,0 11 had cither been ignoled ormSdm^d' ^ 
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§ 3 The Relative Weights of the Molecules 

The absolute density of a gas^ ^und"^ 
weight of a normal litre of the gas bc defined as that number 

Similarly the relative density of a 6 ‘ > . volume of the gas 

which represents the ratio of the weigfrt of aji at {h , samc 

to that of an equal volume of a stanza . & Ron as this standard 
temperature and pressure. Hydrog - ~i though \ir has been so used 
gas since it is the lightest in its 

occasionally. Air is a poor stan a appreciable in matters of 

composition, which, though small, are yet appn.cn 

this sort. . , 1(rt i n mpc ot eases contain the same 

By Avogadro’s hypothesis, equa n density c f a gas is 

number of molecules, consequent >. represent the number 

proportional to its molecular weight.. I or. J’' )t at the 

of molecules in a volume■ . of ,^?/ 0 4 r ul‘)an.l ,( the molecules 
same temperature and pressure (- masses of the one gas can 

of each gas are alike so tha the then the mass of the 

be represented by m v and of t £ ct t *j lo densities of the two 

one gas will be **,, and of the ^ since density denotes the mass 
gases be respectively D x and • .i * n • p_ t = m x : w t . 

of unit volume, ’'"j'r weights of gases are proportional to 

That is to say, the molecular weights thc molecular weights 

their relative densities, so . standard for their densities, and 

of gases once we have establishedlai^ and inolecular 

hence the numerical relation bet j ht 0 { ;l su bst ance is equal 

weight. Further, since the mo • < < “ al) t j lc atoms in the molecule 
to the sum of the atomic weig weights), it follows that we 

(referred to the same standard as atom the values of the 

have here a method which wdl Iclpustod . (Chaptcr js „ ot 
atomic weights of elements, which, as uc have 

possible on the basis of Dalton s 11 y nninalion ot relative density 
Experimental methods for Manv substances which arc 

thus assume considerable importance. i . ^ vapori/ct i at higher 
solid or liquid at ordinary omperat r relative density of 

temperatures, so that it is also ,oss .bh to ^ ^ MS at ordinary 

these substances, just as it is these circumstances is known 

temperatures. The relative density in these 

as the Vapour Density. 

s 4 Determination of Vapour Density 

8 / i •t'infc which is gaseous at the ordinary 

The relative density of a^ubsta ^ J a kll „ u .|,.dge of its absolute 

temperature may be dctci . , The determination of these 

density together with described (see Chapter 2). 

values is effected by the in . , solid or liquid at ordinary 

In the case of substances which are 
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temperatures, but which can be vaporized without decomposition, 
these methods cannot be employed on account of the elevated tem¬ 
peratures required. For such substances three methods are available, 
viz. : 

(i) Dumas's method ; 

(ii) Hofmann’s method ; 

(iii) Victor Meyer's method. 

The decision as to which method is to be employed in any particular 
determination will depend upon the amount of substance available 
and its other properties, as will be seen from the descriptions of these 
methods which follow. 


(i) Dumas’s Method 


This is an extension of the method used to determine the absolute 
densities of gases by the globe method, and the principle is therefore 
that of measuring the weight and volume of a vapour at a known 
temperature sufficiently high to vaporize the substance completely. 

A light glass bulb, A, Fig. 4.1, between 100 and 200 c.c. capacity is 
weighed, and from 0 to 10 grams of the compound under investigation 
are introduced into the bulb. By means of a suitable clamp, D, the 

bulb is fixed in a suitable bath, D, at a constant 
temperature 20° to 30° above the boiling-point 
of the compound under investigation. The 
compound vaporizes, and when its vapour ceases 
to issue from the neck, C, of the bulb, the tube 
is scaled at C by means of a blowpipe with a 
small flame. The temperature of the bath at 
the time of sealing is the average between the 
two thermometers T ; the barometric pressure 
is read at the same time. The bulb is then 
cooled, cleaned, and weighed. The volume of 
the bulb is now determined by breaking the 
tip, C, of the neck under water or mercury, and weighing the bulb 
when full of liquid.* I he difference between the full and empty bulbs 
gives the amount of liquid in the bulb. The application of the data can 
be best illustrated by example. 

vn' XAMPLE ' f°H°' v i n g data were obtained for vanadium tetrachloride, 



Flo. 4.1.—Dumas’s 
Vapour Density 
Apparatus 


Weight of globe Idled with air (9°. 7G2 mm.) . 24-4722 grams 

V eight of sealed globe (9°, 702 mm.) . . 25-0102 grams 

Temperature of bath when scaling the globe . 215* 

Barometer when sealing the globe . . ’ tg* mm 

Weight of bulb full of water . . . ] JgJ ™„ s 

the* “oour S wm'; s , lclua, | air ’ a correction must be made. The volume of 
ajr • and the w. i .ht nf ti° t,1C ' o mn - 01 tl,c K lo l>e. less flu- volume of the residual 

quinsy o^rat and o W ,h “ difl «™.ce plus the buoyancy of a 

vapoux. and^of^ second weighing, equal to the volume of the 
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169-5 grams of water at 9 - T^Vc^c^Ttae 

the capacity oj t e go _ 0 . 53 g R ram. 


'^^ly'ie^ 9 C roftater. or the capacity ^Tf* = 0 538 gram. 

The a empty W gllbe w^taojVup^dunng ^ightag; ^ ^S^am" »»■* «: 

?KT'.s , Ar»' 

sotjsta 

SrS^SSS. , € . hydrogen a, «.!>. . ...» *- " 

> j&fs %£ 2 £&> °< 

_ 0-751 a 87.74 

~~ 95-1 X 0 00009 

Since the vaporization is ST^igh 1 temperatures which makes the 
also necessary to employ fairy m| which readily decompose 
method inappropriate forsubst ^ mercury or any con- 

SLg h U q V uid°and X be atolded. ByoMn^^g 

OT°platinum vessels It *can also be employed for substances which y 
volat" very high temperatures. 

(ii) Hofmann’s Method 

method due to J. . - / *u e 

no]i\ a known weight 

substance in a small stopper^ 6^ 
bulb, shown on an enlarged scale 
at W Fie 4.2, is taken. 1 he duid 
fs introduced below a barometer 
tube filled with mercury, and s 
rounded with a jadeet through wh^ h 

of the compound under investigation 
is passing.* 5 The bulb ascends to the 

upper level of the under -^ 4 „ _ Ho(ina „„' S Vapour 

substance is ' ^ When every- Density Apparatus 

«SX* V4%»'&Jh!T«» barometer and U» t«mp«.at»e 

of the vapour is read , the ncifc 

of the apparatus are also e. . lor carbon tetrachloride. CCi 4 : 

Example —The following daui were o 0-3380 gram 

' Weight of liquid in bulb - ; ; . 109^ cx. 

Volume of vapour ■ . . 740-9 mm . 

Temperature of vapour . 283-4 mm. 

Barometer • * t w c 

Height of mercury m turn. 
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The pressure of the vapour is the barometric height less the height of the 
column of mercury in the Hofmann’s tube, that is. 746-9— 283-4 = 463-5 mm. 
Hence. 0-3380 grain of vapour at 99-5° and 463-5 mm. pressure occupies 109-8 c.c. 
and 49-09 c.c. at 0° and 760 mm 

So that the vapour density of carbon tetrachloride is 

0338Q = 76-5 

49-09 X 0-00009 

This method is specially suitable for substances which decompose at 
or near their boiling-points at normal pressure. 

(iii) Victor Meyer's Method 

In Victor Meyer's method, an elegant arid simple method first 
described in 1877, the volume of air displaced by a known weight of 
vapour is determined. It can be carried out more easily and quickly 
than either of the preceding methods, and requires only small quantities 
of substance. It is therefore widely used. 

A bulb, B —about 200 c.c. capacity 
—has a long neck fitted with a side 
tube leading to a pneumatic trough, 
C, Fig. 4.3. At E is a side tube through 
which passes a glass rod so arranged 
that a small glass bottle— IF, Fig. 4.2— 
q A "’ill rest against it when introduced into 

™ the top of the apparatus. The bulb 
is surrounded as shown by an outer 
jacket. A, containing a liquid which 
boils at 20 to 30' above the boiling- 
point of the compound under investiga¬ 
tion. lo make a determination, a 
weighed quantity of the substance 
whose vapour density it is required to 
find is introduced into the small 
stoppered bottle and placed in the 
apparatus resting against the glass rod 
h. 1 he liquid in the outer jacket is 
boiled, ami when no more bubbles 
pass out through the side tube, a 
is inverted nwr *\ * i i 8 ra< * ua ted tube. 1), filled with water 

out sTthat X n il"', ' " b( ;- l lu ' " b * s "*«■ » partly pulled 

a little asbestos or i M 11 r \ ll yp> into tlu* bulb /> (which contains 
the small bottle rmidiv > . uo °. 40 break its fall). The substance in 
into the graduated tub \\-| )0n/ !i S illu c * nves a stream of air bubbles 
is carefullyuiu^. n I ,U n h, f bubbles ceases, the tube 

volume, temperature of\he'«•',£ ° 'l'"’ *** “ fter a time ^ 

of the vapour in « wltichVused in U.e w!culatlonr U ‘ n ' *** ^ ^ 



i‘!G. 4.3. 


\ icior Mevor’s Vapour 
Density Apparatus 
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EXAMPLE.-The vapour density of chloroform was determined by Victor 
Meyer's method and the following data were obtained. 


Weight of chloroform used . 

Volume of air collected in graduated tube ■ 
Temperature of air collected in graduated tub*. 

Atmospheric pressure 
Vapour pressure of water at 15 


0-1133 gram 
22-8 c.c. 

15 ® 

751 mm. 

13 mm. 


The 22-8 c.c of air collected would occupyJ22-8 x ^ x 

= 20-1)0 c.c. 

20-96 c.c. of chloroform vapour weigh •0-1133 gram. 


273 730- 13 c c at N T.p. 


700 


vapour density of chloroform — - 


60-08. 


/> anftfkO 


§ 5 The Relation between Vapour Density and Molecular Weight 

It was shown on page 69 that the molecular ™ 

proportional to their relative densi ies,. ()lc mo | ecu lar weight 

“ d * kn ”' rfe ' vapo “ 

d 'S V vapour density ol . substance KLjJfSS™ 

ratio of the weight of a given volume < 1 • d r t j, e samc condi- 

to the weight of the same volume of hydrogen unac 

tions. That is, the Vapour Density of a Substance 

Wt nf a certain volume of subst ance at -^an--- 

= Wt of same volume ofM^ at '* C and " P?** 

By Avogadro's hypothesis both ^ese ^u^conUm thejame 
number (say « ) of molecules. Hence. Vapour Density 

Wt. of n molecules of substance 

~~ Wt. of w molecules of hydrogen 
Wt. of 1 molec ule of substance 
= Wt of l ^nolecule of hydrogen 

For the final solution of t ° u ( r or^sinc^di.Tis what deter- 

know the molecular weight of hydrogen or.,J ^ . 

mines it, the number of atoms m '^ u chapter that since hydrogen 
We saw at the beginning.of t 1. q( i* volume of hydrogen to 
and chlorine combine in the pi vo)uines of hydrogen chloride, the 
1 volume of chlorine to form two atoms of hydrogen. For 

hydrogen molecule must . { hydrogen furnish the hydrogen 

by Avogadro’s hypothesis!, mofccukso'W b chlo ride. If a single 

atoms required for 2»^“'co^ai Tone atom of hydrogen only, 
molecule of hydrogen chloride coma. 

D* 
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then the molecule of hydrogen must consist of two atoms. If each 
molecule of hydrogen chloride contains more than one atom of hydrogen 
then the hydrogen molecule must consist of a multiple of two atoms. 

It will be shown in a later chapter (see page 507) that chemical 
evidence indicates that hydrogen chloride contains but one atom of 
hydrogen per molecule; hence we conclude that the hydrogen molecule 
contains two atoms. 

Evidence of an entirely different kind confirms this view, for it can 
be shown that the ratio of the two specific heats of a gas is related to 
the number of atoms in its molecule. 

It will be remembered that “ specific heat " is a term employed to 
represent the amount of heat required to raise the temperature of one 
gram of a substance 1° C. A gas can be heated by simple compression, 
its specific heat must then be zero; but a certain amount of energy, 
equivalent to the specific heat, is needed for the work of compression. 
Again, a gas, if it be expanded, is cooled ; if the cooling effect of 
expansion just counter-balances the heat added to the gas, the tem¬ 
perature remains constant ; and the specific heat appears to be 
indefinitely large. Here work, equivalent to the heat supplied, is 
performed by the expanding gas. These facts show that the condition 
of the gas must be stated before it is possible to define its specific heat. 
It is conventionally agreed that if the gas be allowed to expand during 
a change of temperature so that its pressure remains constant, the 
amount of heat required to raise the temperature of one gram of the 
gas 1 C. shall be called the specific heat under constant pressure, 
and symbolized by c p . If the pressure be increased so that the volume 
remains constant when the gas is heated, the amount of heat required 
to raise the temperature 1° C. is likewise called the specific heat under 
constant volume, and symbolized c v . 

In the following discussion, it will be remembered that the Kinetic 
Theory assumes that the temperature is proportional to the average 
speed of translation of the moving molecules—an increase of the speed 
s accompanied by a rise of temperature, and conversely. The heat 

a 6aS ,S T 1 Spcnl 1 mcrcl y in raisin S the temperature of the 
spent in— ' Speedmg llp the mo *ions of the molecules. Energy is 

actuLnvTr,*nrr^ ^ ° J * 9,lovitl Z moleci ^—The heat required 

is to proWo r Se , lC * k,netlc ener sy of the moving molecules so 
, , t0 . Police a nse of temperature is the same for all cases Let a 

1 e r e ^ h,s , quantlt y for onc gram-molecule of gas. 

(2) Performing external work .—Heat energy is needed to over- 

Mor C atn ' OSphoro : vhcn tho gas is allowed to expand, 
of thermal expan ioi^ofTn grair, ’. moIocule °f gas. Since the coefficient 

th “ ect o, $s££ 
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tion of the constituent atoms of the molecule, or raise the kinetic 

be neglected for the time being. . 

The ratio of the two specific heats may now be writte . 

Cp _ a + b 4- o 

where for one gram-molecule' Cp is the specific heat at constant pres- 
and C, the specific heat at have seen> 

Where A/ denotes the mass, and V the average 
page 28, that pv - V wnere a body of mass A/ 

velocity of the molecules, But the^metx ene^ > the 

moving with a velocity V is - But p v = RT, page 18. 

kinetic energy of the molecular n motion is IRT. If one gram- 

Hence the kinetic energy of m kinetic energy becomes 

molecule of gas be heated throughl C thek neUc e W q{ thc 

\R(T + 1), Hence at constant volume, the ^ ^ ^ Hencc ^ 
increased kinetic energy is a A( + ' • r" — ar + c. 

specific heat of the gas at constan _Again, if a gram- 

The external work done ] ^ a " P hcric pressure when its tempera- 

molecule of gaswpandsaga ns 1^^ d P oos work by pressing back 

ture is raised 1 C., the gas, in c 1 ivalent Q { this work must be 
the atmosphere so to speak. p ^ jg uiva lent to the product of 
supplied m the form of heat. . Let x denote the change 

the pressure times the change under a constant pressure; 

in volume when thc gas is heated 1C., unoer attraction 

then. P (v + x)= «( r +/>V a "^, '.i^uTc of gas is heated 1°C„ 

px = R. This means that ^'"tmosoheric pressure does work equiva- 
the resulting expansion against atmospheric pres 

lent to R cals. „„ssure —Hence, R cals, must be 

The specific heat at ‘obtain thc thermal equivalent of the 

added to the previous result of ,, as j n the form of heat when 

rjSJSSS “SfT Tterefa. the Wft »' «“ 6" *• 

»“<■ - 1 ,he - 

heats (usually denoted by thc symbol y) for 

_ Cp __ iR + c 


c„ iR + c 


t pases for it is related to the 

•The value of e will varyfor ' inonatomic gas it may be 

molecular complexity of the gas aim ^ ^ 
expected to be zero. \> hen c 

Y *» 4 =* 1,e07 * 
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Experimental determinations of the value of y for various gases 
show that the maximum value so far found is 1-667 and that the 
remaining values fall into fairly well-defined groups, as can be seen 
from the following table: 


Table III.— Ratio of the Two Specific Heats of Gases 


Gas 

Mole¬ 

cule 

Atoms 

per 

mole¬ 

cule 

r 

Gas 

Mole¬ 

cule 

Atoms 

per 

mole¬ 

cule 

r 

Mercury . 

Hg 

1 

1-67 

Carbon dioxide . 

CO 

3 

1-31 

Argon 

A 

1 

1-65 

Nitrous oxide 

N s O 

3 

1-31 

Hydrogen . 

H, 

2 

1-41 

Hydrogen sulphide 

HjS 

3 

1-31 

Nitrogen . 

N, 

2 

1-41 

Ammonia . 

NH, 

4 

1-30 

Oxygen 

o. 

2 

1-40 

Methane . 

ch 4 

5 

1-27 

Carbon monoxide 

CO 

2 

1-40 

Ethylene . 

c,h 4 

6 

1-24 

Hydrogen chloride 

HC1 

2 

1-39 

Ethane 

c,h« 

8 

1 -is 

Chlorine 

Cl, 

2 

1-32 

Alcohol 

c,h 6 oh 

9 

1-13 

Bromine . 

Br a 

2 

1-29 

Benzene 

C,H, 

12 

1-09 

Iodine 

I, 

2 

1-29 

Ether 

C.H. 0 O 

15 

1-06 

Iodine chloride . 

ICI 

2 

1-31 

Turpentine 

C l0 H u 

26 

1-03 


1 here is thus a group ol gases for which y is round about 1-65 another 
for which it is approximately 1-4, and so forth. There is no gas for 
which the value is much above 1-4 unless it is about 1*65, the theoretical 
value for a monatomic gas. It seems, therefore, reasonable to con¬ 
clude that gases for which y is 1-4 are diatomic, especially as when 

applied this conclusion is found to be in agreement with the chemical 
evidence. 


Thus, the ratio of the two specific heats of hydrogen being 1-41 we 
Uvo at'oms. 1 ™ 3 0 " view that thc Mrogen molecule contains 

Hence, resuming the discussion of the relation between vapour 
density and atomic weight, we have, as has been shown, P 


Mol. Wt. = Vap. Density x Mol. Wt. of hydrogen. 

vksss&s r- ,06 ’' 

Molecular Weight of a Substance = 2 > Vapour Density. 


§ 6 The (iram-molccular Volume of a Gas at N.T.P 

vi^^X^SSfT. sUncSrt'm n ° th t er imp °J tant COnstant < 

gram-molecular weight (i e the mmihcAr™* 1 '™ ^ P ressure b y a 

equal to the molecular weight) of anv As^a " 8 A 8 ®? ™ mericall y 

shows us that this volume will be the Lne foA^ 6 ^' 0 S H yP otbesis 

lne same tor all gases, so that if we 
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calculate this value for one gas we shall, theoretically, know its value 

The molecula^weight of suS of 

atomic weight. Hydrogen w weight was put at unity, and 

atomic weight and hence I S as will be explained in Chapter 

this is the value employed above^ B t ^ sta|ld;lrd P eleme nt with an 
VI, it is now usual to take oxygen v eight q( hydrogen then becomes 

atomic weight of lb. Th . 20 16 in consequence. 

1 008 and its molecular ' vel g ht “ . f hv j ro een == 2 0lb grams. 

Hence a gram-molecular weight <> h ^ ltre at N T .P. 

The density of hydrogen is 0 09 gram i 2 010 _ 


1 gram-molecular weight of hydrogen occupies ^ 


= 22*4 


litres at S.T.P. f mo lecular weight M. 

Now consider another g* , 1 r nhst nice 

Weight o f 1 molecu l^of_subbtance 

Since M *= “\veight of 1 atom of hydrogen 

Weight of 1 molecule of su ^^ n ^ e wdght of { atom of hydrogen. 

, gram-molecular weight of substance weighs M grams. 

•. M grams of substance contain 

M __ molecules 

^r^ight"ofTitom of hydrogen 

1 _ molecules. 

= Weight of 1 atom of hydrogen contain the 

That is to say. the gram-molecu ar we.gh ^ anl .^ olecular weight 
S5—S volume as 2010 

hy Thif e !s a h very important of“a g JoSS 

molecular weights lo V ‘ r mined s gram-molecular weight, which is 
molecular weight be determined it h b knoW „. I he results of 

numerically equal to ,lS ; ! ’ ,. x , )C . r imcnts given on pages <0-73 could 
the typical va P° ur density to P cvaluatc the molecular weights of 
have been used in this * > 
several substances. 

$ 7 The Avogadro Number 

♦i t tho number of molecules in a gram- 
It has just been shown tli (> js a cons tant. This constant is 

molecular weight of any gas -it ^ • * d js callt .,| A vogadro s Constant 
usually denoted by the symbol A^ ^ b( . en f oum l by several mdepen- 
or the Avogadro Number.Its d t as> t0 furnish very stroll*, 

dent methods with results so con 
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6 U 025 ° r x io«3 eed f ° r thC Molecular Theory. The accepted value is 

rn.Tnf ^ me , thod “ that due to Ruth erford and Geiger who 

r a-particles emitted from radium (see Chapter 9, 

hel1nnl 3 nrAH Chal iK r 36 >' page S94) 111 a & iven time - a "d collected the 
helium produced by a large quantity of radium in a long period. Since 

each a-particle becomes a helium atom, this gives a means of calcu¬ 
lating the Avogadro Number. 

rif Vhn°R methods whlch have been employed are based on the study 
of the Brownian movement (see Chapter 16, page 255) and the deter^ 
mination of the charge of the electron (see Chapter 9, page 12S). 


CHAPTER 5 

EQUIVALENT WEIGHTS 

Since it is already settled for “* n b * 

stances are to be called equal whc h c hemical point ol view, to call those 

ass - u —- 

E. Divers. 1902. 

| 1 Definition of Equivalent Weights of Substances 

IK Chapter 3 (page 57) it was by^ght 

each element a number which rep combination with eight parts 

of the given element which “" num ber is known as the Combining 
by weight of oxygen, and ‘hat this 1 ^ e , ement Xhis quantity is 

Weight or the Equivalent \\ J ^* ht of an element which combine 
defined as the number of parts by ^ oxveen or the combining 
with, or replace, eight parts by weight of oxygen, 

weight of any other element. equivalent weight was in the 

Some such conception as that o t S .. riod of the subject, 
minds of chemists quite early in t ht of potas h the equivalent 

Thus Cavendish m 1706 called g ^ ’ both wer e able exactly to 
of another (different) weight n$S he demonstrated that 

neutralize the same weight of an acia. wWch ncutra ii zc d two 

the quantities of nitric and f decompose identical weights of 
identical weights of potash wo 4 f rom tbe potash. This seems 
marble—different in weight, o * . the principle of equivalents 

to have been the first clear re ^°^> , te d Dalton's Atomic Theory (of 

as understood chemically, and P^^ c ^ tee n years, 
which it is a logical consequence)- by sor » ^ > 3 Richter who, in 

The generalization of these s weights of acids and bases. 

1792, published a table of cquivalcn k conception of equiva- 

This early work serves to rem^ us that^tn ^ ^ undSf that 

lents is not confined to elemen .• . £ a bi e to enter into a chemical 

is to say, to any pure substan e ^ in volumetric analysis which 
reaction. This is an in JP or ^ f known concentration. The stan- 
depends upon the use of sol . of sucll solutions is that known as 
dard adopted for the conccn . • solution which contains the 

a normal solution, which is defined as^a « ^ ^ Qf solution . The 
gram-equivalent weight of a h sub^tance in of thc substance 

gram-equivalent weight is weight. r 

numerically equal to the cqui « substance is defined in thc first 

The equivalent weight of any P co ,„ bines with, or rci>laccs, the 
instance as that weight of since the mo leculc of hydrogen con- 

equivalent weight of hyorog ^ 
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sists of two atoms, its equivalent weight will be half its molecular 
weight. Hence, since (page 77) the gram-molecular weight of hydrogen 
occupies 22-4 litres at S.T.P., the gram-equivalent weight of hydrogen 
will occupy 11 *2 litres at S.T.P. 

Further, as a normal solution is one which contains a gram-equiva¬ 
lent weight in one litre of solution, one litre of the solution will react 
with the gram-equivalent weight of any other substance with which it 
is capable of entering into a reaction. 

We thus arrive at the following comprehensive definition :—The 
gram-equivalent weight of a substance is that weight of it which 
will combine with or displace 11*2 litres of hydrogen (measured at 
S.T.P.) or 8 grams of oxygen, or the known equivalent of any other 
element or react with 1 litre of any normal solution. 

In accordance with this definition the following definitions are some¬ 
times employed in particular cases: 

(«) The equivalent weight of an acid is that weight of it which 
contains one equivalent weight of replaceable hydrogen. 

(/;) I he equivalent weight of an oxidizing agent is that weight of 
it which contains one equivalent weight (i.e., 8 parts by weight) of 
available oxygen. 


§ 2 The Determination of Equivalent Weights 

It is evident that the determination of the equivalent weights of 
the elements is of fundamental importance, both on account of their 
practical use in all quantitative, and particularly analytical, operations, 
and also on account of their being, as will be seen in the next chapter, 
the basis for the determination of Atomic Weights. 

The different methods available for the determination of equivalent 
''eights may be summarized under the following heads: 


(i) Hydrogen displacement. 

(ii) Oxide methods. 

(iii) Chloride methods. 

(iv) Replacement methods. 

(v) Electrolysis. 

(vi) Conversion methods. 


§ 3 Equivalent Weight by Hydrogen Displacement 

hyc r fe." , ‘ln.ni -iu^e^ohll!" 

»f aluminium In ii- action wit ™ith< r'in l ,vdrocl,loric acid : 

caustic soda solution The method . ( 1 atc hydrochloric acid or 
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method of hydrogen displacement can only be used for the determina¬ 
tion of the equivalent weight of a limited number of metals. 

The method may be explained by reference to Fig. 5.1. 

The apparatus consists of a measuring tube and a level ‘ l "S 
containing water, connected by rubber tubing as shown. 1 he flask 
contains dilute acid (or alkali or alcohol 
as above) and a small tube is suspended 
in it containing a weighed quantity of 
the metal whose equivalent is to be 
determined. To perform the experiment 
the levelling tube is raised until the surface 
of the water in the measuring tube is 
at zero, and on the same level as the water 
in the levelling tube, the flask being 
detached while this is being done, ihe 
flask is now attached to the apparatus the 
levelling tube is raised or lowered until the 
water levels in both tubes are the same, 
and the position of the level in the 
measuring tube is read. I he flask is then 

. . « . 1 a a I . A .. I 1 tl rrmtnrt W1 



Fic. 5.1.—Hydrogen 

Displacement Method 


measuring tube is read, i ne nasK levelling 

tilted so that the metal comes m 

tube is lowered at the same t.me. When al the mua^ n 
and the apparatus has had to cod to «■com t< water 

in the two tubes are again made the sam . ^ p_ ^ volume of 
level in the measuring tube is t\ : d. k k barQ|neter fe 

hydrogen which has been 1 grated noted> The volume of 

then found, and the tempera tur tl wancc being made f or the 

hydrogen is then corrected to S. • has been measured (see 

pressure of aqueous vapour, since tl ®’ • roL , en at S T P liberated 

'pages 30-32)" We now have ‘'-^^^fSat^the equivalent 
by a known weight of metal, whe weighs 009 gram; 

- -sr-sr 

11*2 litres at S.T.P. 

§ 4 Oxide Methods 

Method, lo, findine .he <" “ —~ 

the use of the oxide may be subdivided thus. 

(a) direct oxidation (direct synthesis]|; . 
lb) indirect oxidation (indirect synthesis), 

(c) reduction of the oxide (analysis). 

Direct Oxidation followed depends upon the nature both 

Ihe exact procedure Where a solid element burns reason- 

ol the element and of its oxide. . be carried out in a 

ably slowly to a solid oxide, the conversion y 
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crucible. If a gaseous oxide is formed, as in the case of carbon, a 
suitable means of discovering the weight of the oxide must be devised. 
For gaseous elements like hydrogen, a special technique has to be 
employed and much ingenuity has been expended in coping with this 
problem. (See Chapter 6 for an account of the determination of the 
hydrogen-oxygen ratio.) 

The method may be illustrated by experiments with calcium and 
with carbon. 

The equivalent weight of calcium may be found by placing in a 
weighed crucible a known weight of calcium turnings and heating 
gently until the calcium bums, continuing the heating until all the 
action is over. The crucible is then allowed to cool and a few drops of 
water are added from a pipette,* the addition being made very care¬ 
fully so as to avoid any loss due to the vigour of the reaction which 
takes place. The crucible is then heated again, at first gently, and 
then strongly, after which it is allowed to cool in a desiccator, and 
reweighed. It is then repeatedly reheated, cooled and reweighed until 
a constant weight is attained. 

From these weighings we know the weight of oxygen which has 
combined with a known weight of calcium. Hence the weight of 
calcium which would combine with eight grams of oxygen (i.e., the 
equivalent weight of calcium) can be calculated. 

I his method is sometimes recommended for the determination of 
the equivalent of magnesium, but it is not completely satisfactory for 
this metal for the following reasons. First, it is very difficult to 
prevent loss of magnesium oxide in the form of fumes; second, the 
magnesium attacks the lining of the crucible; and third, the weight 
of magnesium used is small and so relatively large errors are incurred 
in the still smaller weight of oxygen. 



em2ovoi?^rV t ( fi 8 ; f' 1 llu f tratcs - m simplified form, the apparatus 
employed by Stas to find the equivalent of carbon A silica boat 


Strictly speaking. in this case, 
indirect. The calcium combines to 
well as with the oxygon anti water 
so formed into the oxide 


the oxidation is partly direct and partly 
""im extent with the nitrogen of the air as 
i.-' added to convert the nitrogen compound 


QO 

Igj equivalent weights 

containing a weighed quantity of P^ 0 ^ r ^ 0X C yhorned* 1 fs*absorbed 
current of pure dry oxygen, and t5on Q f caustic potash, which 

in potash buibs. contaming a s j S xhe drying tube is 

are weighed before and alier 1 ,, *; its f unc tion is to prevent 

weighed along with the P°t“h ■ paratus by the stream of 

water vapour being carried out oMt ^ PP jch thc boat is heated is 

oxygen passing through it. T oxide which is heated before the 
packed with dry granular copp - • done t ensure complete 
carbon in the boat is allowed to tarn. Tins » (ormed 

conversion to carbon dioxide jc Q tash solution; should any 

£& — £££& U would b, convorted into c»b.n d.ox.d. 

£^v h LlbT«r g h“™irbon dioxide. Hence .he equiveleu. «,» 
be calculated clllohur can be found in a similar manner, 

.jrrss — 

Indirect Oxidation not 

This method has to be er uP lo Y« d "' hen oxygen^Examples of the 
formed by heating the e emen /!" u a h ' r d °bv copper and tin. 
application of this method are . j n t 0 the oxide can only be 

With either of these m ^ t C °" idationi but can easily be brought 
superficially effected by di ■ we jghed quantity of the 

about indirectly by means of mtnc a ^ di i utcd nltnc acid 

metal is treated with a sligh “j d ewhatf is war mcd gently, 
and, after the first action ha£‘ care being taken to avoid loss, 

and finally evaporated to JY* 1 . ' ly to constant weight. Copper, 

The dry residue is then heated strongly^ thfe proces s, first, into 
zinc, lead and magnesium b strong heating into the 

their nitrates (see P a Sf but an insoluble white compound, 

oxides. Tin does not foim ’ 72 9) which, when strongly heated, 

meta-stannic acid, results (see page 

loses water, leaving stannic oxide. . ht of oxide formed from a 

Experiments such as th fP . equivalent weight of the metal 
known weight of metal, from which thc tq 

can be calculated. 

Reduction oj the Oxide converse of the two pre- 

In this method the principle 1 f eta i j s converted, directly 

ceding ones. In them a known weight^ met ^ ^ ^ prc 

or indirectly, mto the oxide edu ced to the metal. The method 

method, a known weight of oxlde ' oxides are reduced at a moderate 
is applicable to those clem 
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temperature by the action of hydrogen, or carbon monoxide (or 
coal-gas). 

The process may be exemplified again by reference to copper, and 
is illustrated by Fig. 5.3. " 



Hydrogen 


Copper Oxide 


‘JV/ 




Fig. 5.3.—Equivalent of Copper 


A weighed quantity of dry 
copper oxide is placed in a porce¬ 
lain or silica boat in a hard glass 
tube arranged as in the diagram. 
Hydrogen is passed through the 
tube until all the air has been 
expelled and is then lighted at 
the jet as shown. The tube in 
the neighbourhood of the boat 
is then heated, at first gently 


, — uva^u, uiai gcuuy 

and then more strongly until the reduction appears to be complete. 
1 he tube is then allowed to cool with the stream of gas still passing 
the boat transferred to a desiccator and reweighed. The process is 
repeated until a constant weight is obtained. 

The calculation of the equivalent weight is carried out in the same 
way as in the two previous methods. 

§ 5 Chloride Methods 

The determination of equivalent weights by way of the chlorides of 

accurate I! 1 ' ° f th K f metl ? ods employed very widely in the most 
uoon Mie t ,' ve ', ght work (see Chapter 6, page 96). It depends 
ca7bem ( li v l i>, V !i r chloride is practically insoluble and that silver 
nmntr li y btaln . ed in a high degree of purity. Also a very large 
number of elements form soluble chlorides which can be prepared in 

are knowfver^ P “ nty ; , The e quivalent weights of chlorine and silver 
of shver ",' er y accurate ‘y and the extent of the very slight solubility 

aL ication inH l ,S M S ° I,cnce the method is°one of wide 

application and capable of a high order of accuracy 

A smLKnritt i '] UStrat ® d b >' the following simple experiment, 

watch glass in i n Ur< dr J’ sodlum chloride is weighed out on a small 

particles of Lit tZ ft’ transf L cned to a dean beaker, the last 
water from fifewashed into the beaker by means of distilled 

dissolve all the sail ’,*?'? su ^? cient distilled water is added to 
added Silver nitra e A dilute nitric acid is also 

of silver chloride‘is fonned" ’Vu adde<1 caref ul, y • and a precipitate 
no further precinit itc* , , llllrat f solution is added until 

solution. The precipitate is th'i? n fii th0 ; uUi . uion of another drop of 

or Gooch crucible (see belowj carThein'‘ ?V Woi S hed fi, ‘ er P a P er 
particle of precipitate in thJ’ * taken to transfer every 

distilled water until no soluble**^ and ' : ° Wash ,h °roughly with 

precipitate are then dried in a ste^oven 'Z reliUed ^ 
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The calculation of the equivalent weight from ,5 

best illustrated by means of an f •.‘ P chloride The 

gm. of sodium chloride gave l-*>-1 0 8 ™- , rh i or ; ne 35.40 Hence 
equivalent weight of silver is 107-88 and that of chlorine 3o 40. 

if E is the equivalent of sodium we have 

(E + 35-46) gm. of sodium chloride give (107-88 + 0 gnl ' 

silver chloride. £ + 35 . 4 6 _ 0^6215 

*’ 143 34 1-5201 


• E = 2301. 

The Gooch Crucible 

This consists of a crucible of the shape 
shown in Fig. 5 . 4 , having the base pierce 
by a number of fine holes. By pouring 
into the crucible a suspension of me > 
ground purified asbestos in distilled water, 
a thin pad of asbestos is formed over the 
bottom of the crucible. The crucible pre¬ 
pared in this way is then dried and weigh 
and is ready for the filtration of a precipi 
tate. Filtration is effected by means of 
gentle suction, using the appaiutus mo 
in Fig. 5.4. 



§6 Replacement Methods 

. „ t u n that some metals such as zinc, 

This method depends upon t * -jo?). vi jj displace 

which are high in the electro-chemical serKS gee pag ^ b A far * ilmr 

those lower in this series from so , . » e a stC el pen-knife with 

example of this is the “ P at m? solution of copper sulphate (see 

copper by dipping the blade . , t weights by this method 

page 011). The daermination ^ either the 

depends upon a knowledge f 1 which the equivalent weight 

displacing or the displaced clem , | | Q f t|, e weight of one 

of the other can be calculated from a k'°‘ 
element displaced by a known we g depend upon the particular 

The exact procedure to be folio*« j 1 ^ (rorn thc 

element being displaced, but in general d.tlcrs > 

following. a dded to excess of copper sulphate 

A known weight ot zme 1) • an d the solution warmed 

solution contained in a porcc a to become coated with 

slightly. The surface of the foil ^ copper can be made to 

copper, but by tapping it d isap|>cared and a precipitate 

flake off. In time all the /.me will have.a I carefully 

of copper will have been formed. 1 h.s precif 
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transferred to a tared filter paper, great care being taken to remove all 
the particles of copper from the dish to the filter paper. The precipi¬ 
tate is then washed with distilled water until the washings no longer 
give a blue colour with ammonia solution (see page 616), and then with 
a little alcohol. The precipitate is then dried in a steam oven to 
constant weight. 

Theoretically, this method can also be employed with suitable 
modification for the determination of the equivalent weights of silver, 
lead, mercury and gold, all of which are displaced quantitatively from 
solutions of their salts when treated with metallic zinc. In actual 
practice the method is not of wide application. 


§ 7 Equivalent Weight Determination by Electrolysis 

As a result of his experiments on the conduction of electricity through 
solutions of electrolytes, Faraday in 1834 was led to formulate two 
Laws of Electrolysis (see page 193). The second of these laws, which 
s t a ^L*hat the same quantity of electricity passing through solutions 
of different electrolytes, liberates weights of elements which are pro- 
portional to their chemical equivalents," furnishes us with a method 
for finding the equivalent weights of some elements. 

We shall see in Chapter 12 that the passage of a current of electricity 
through slightly acidified water brings about the liberation of hydrogen 
at the cathode ; and similarly with a solution of copper sulphate, copper 
“ ^posited on the cathode. It is thus possible to use the process of 
electrolysis to find the equivalent weight of copper. 

o do this an apparatus for the electrolysis of acidulated water is 
rnll!U^ 8 e V hat the hydrogen evolved from the cathode may be 
measured accurately, and is connected in series with an 

P 2 ° r M electrol y sis of copper sulphate solution, and with 
a suitable variable resistance and an ammeter. The plate forming 

carefuUv ^ei^hed *? r f cat,U)cie ] of the copper apparatus is cleaned and 
about ChOUmnf befor V nd after the experiment. A current of 
ensure the U f S<X ' a Smai value being necessary in order to 

alloupit formatlon 1 of a compact deposit of copper. The current is 
increase n l ° ,0 ° CC * of have been collected. The 

and careful drvinrr ^ tilc 'copper cathode is determined after washing 
and coiTected^to^; T P tb \v V ° u " 10 °* hydrogen liberated is measured 
and TSZXSZft , Ve ! hUS know th * quantities of hydrogen 

readily calculate the equivalent of copper.^ 6 " 4, ^ ^ ““ 


9 s conversion Methods 

Of an elemc^^usuan^b^ins by Ifn^c"^! 0 " ? f the atomic we “g ht 
equivalent weight, which latter 
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form of conversion method. The chloride method of finding equivalent 
weights considered on page 84 is an example of a conversion method’ 
and § is one very frequently employed. Other examples would be the 
conversion of an oxide into its chlonde, or other salt; a chloride may ^ 
be converted into a sulphate; or a chlorate into a chlonde. A definite! 
weight of one compound is taken and the weight of the new compound 
tato which it is converted is found. For the subsequent calculation 
of the equivalent weight, certain fundamental ec i u ^ a ‘ e "^’ el | f h ^ 1 ^^. 
be knowm, such as those of chlonne, silver etc. 1 he process of calcula 

tion is similar to that explained on page 5. • 

The experiments outlined in this chapter, illustrating the various 
methods available for finding equivalent weights have been described, 
in a relatively simple form in which they might be earned out Dy a 
SrtllffiirS., reasonably equip,reel laboratory We sh. g 

accepted values for the Atomic \\ eights of the elements. 



CHAPTER 6 


ATOMIC WEIGHTS 

Every chemical element is regarded as having a distinct nature of its own, 
which nature, moreover, determines all its activities.—B. P. Bp.owne. 

§ 1 Atomic Weights and the Atomic Theory 

We have seen in Chapter 3 that the Atomic Theory as enunciated 
by Dalton suffered from one major defect, viz., that although it gives 
a definition of an atom as the smallest particle of an element which 
can enter into, or be expelled from, chemical combination, it does not 
help us to decide what the smallest combining weight is. The sort of 
difficulty which arises in attempting to fix the relative weights of the 
atoms was also pointed out in regard to the element carbon (see page 61). 
As was then shown, the root of the difficulty is the uncertainty as to 
the number of atoms entering into combination. 

Dalton himself had made the purely arbitrary assumption that 
when only one compound of two given elements was known, it was 
considered to be compounded of one atom of each. As was only to be 
expected, this unwarranted assumption soon led to confusion, and, 
coupled with the lack of any clear distinction between atoms and 
molecules, brought about a state of affairs in which, for the time 
being, almost all attempts to fix the relative weights of the actual 
atoms was abandoned, and attention was concentrated on combining 
weights or equivalent weights. 

1 he solution of the problem was indicated by Avogadro in 1811, but 
it was not until 1858 when Cannizzaro showed how Avogadro's hypo¬ 
thesis could be applied to it that the confusion and difficulty was 
finally removed. 

It is important to notice, before proceeding further, that what is 
termed the atomic weight of an element is a relative weight. The 
absolute weights of the atoms, although now known with a fair degree 
of accuracy, do not concern us here, but only the relative weights of 
t le atoms of the different elements. For practical purposes this 
mvo ves the fixing of an arbitrary standard, which was at one time 
based on hydrogen as unity; but is now taken from oxygen = 16 
(page 9o). 


§ 2 Atomic Weight from the Molecular Weight of Volatile 
Compounds by Cannizzaro’s Method 

carljo^/frnm l l le difficulty in fixing the atomic weight of 

dioxide u U 10 *° / 10 carbon and oxygen in carbon 

dioxide, we saw that the problem is essentially to determine the 
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atomic weights 

Lte of «» of each e„o,,»t confab in on, n,o.eco„ of .he 

ments it is possible to ordinary chemical analysis the 

pounds. Furthermore, by wa> of ' bined can be determined, 

proportions in which the c °" s | U j mp ii es a prion any views as to the 
Neither of these measurements u 1 ^ nds in question, 

number of atoms in the mo t hat by processes such as these 

Now suppose, in the case of ca • carbon compounds, their 

the composition of a numberofvolat.^ca ^ ^ Then . as 

vapour densities and moleculla . h molecule in each compound 
in Table IV. the amount of carbon per 

can be calculated. 

„ Wr.cms Ol SOME Carhon Comp ounds 
Table IV.-MolecUI.ar We.ohtsoi-_ -- 


- 

Volatile compound of 
carbon 

Carbon monoxide 
Carbon dioxide 
Methane 
Ethylene 
Propylene 
Carbon disulphide 


— 

Composition by weight 

Molecular 

weight 

AITiouni oi ».«>• 

per molecule 

Carbon 12; oxygen l« 

Carbon 12; oxviten >- 

Carlfon 12 : hydrogen 4 

28 

44 

Hi 

28 

12 

12 

12 

12x2 = 24 

Carbon 24 ; hvdrogen 4 

42 

12 X 3 = 3t> 

Carbon 3«. hydrogen <> 
Carbon 12; sulphur t>4_ 

7t» 

12 

_ 


The smallest weight o. jSslmiXS^^^^ 

known compounds is -- c p he ato niic weights of a £ reat num e 
the atomic weight of c< f ‘ rm ; ne d in a similar manner. . t 

,h TheTo"uali» fM* <». ««* 

thus involves: compound containing the ^wen elenien . 

<•> *» »""" '»•«“ ”’ h,c " " mk 

and consequently tne c i hiehlv 

itself to exact analysis. which can be prepared in a highly 

(2) The compound must tie 

purified condition. be vola tile without decomposition, so 

its'vapour""density can be determined ^, rtwtt of Ae 

(4) The compound nmM u,^ may 1 further anq 

element under invest g v , llatile compounds 

tK Tt is important to at an element. If ™\y _ a 

^Srt^uinbCT^f n cwni^|^ t ^j"^ b JI! , iJctual^in\niwj l, t*'' : '^jK^j^ ;S jj| a j 

SM3W£ si 

the atomic weight of an ««• f a „ its known volatile co v 

present in one molecular weign 
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The value so obtained is the maximum possible value ; the real! 
value may afterwards prove to be a submultiple of this. The atomic 
weight must be a whole multiple or submultiple of its combining 
weight. Owing to the fact that the molecular weights of so many 
volatile compounds of carbon are known it is not very probable that 
the atomic weight of carbon is less than 12. 

This method of fixing atomic weights is due to Cannizzaro (cf. 
Chapter 4). 


§ 3 Dulong and Petit's Rule 

P. L. Dulong and A. T. Petit (1819) in their study of the specific 
heats of different solid elements obtained a remarkable result. They 
found: The product of the atomic weight, A, and the specific heat, 
C, of an element has nearly always the same numerical value—6-4— 
Dulong and Petit’s rule. This means that the atomic heats or the 
thermal capacity of the atoms of the elements are approximately 
the same. The relation is usually expressed: 

Atomic heat = Ac = 6-4 

In illustration, a few elements may be selected at random from a list 
containing nearly fifty elements for which data are available: 




Table V.— 

-Atomic Heat of Elements 


Element 

Specific heat 

Atomic weight 

Atomic heat 

Lithium .... 
Silver . • • . 

Gold .... 

Copper .... 
Bismuth .... 
Lead .... 

Aluminium ... 

Uranium ! ! | 

0-9408 

0-0550 

0-0304 

0-0923 

0-0305 

0-0315 

0-2143 

0-1098 

0-0277 

6-94 

107-88 

197-2 

63-67 

209-0 

207-21 

26-97 

55-85 

238-07 

6-53 

6-03 

6-25 

5- 88 

6- 34 

6-52 

5- 78 

612 

6- 69 


The atomic weights here range from 6-94 to 238 07, and yet, when 
multiplied by the respective specific heats, the products are nearly 
constant. Rigorous agreement cannot be expected. The divergencies 
fZ t . 0 ° , ar 8 c to be accounted for by the inevitable errors of observation 
U1 n ? ea ^ unn 8 specific heats, but the very irregularity of 

mat« toft nC, fK ead , S u thC , VieW that Dulon S alld Petit’s Law approxi- 
TmT"’ an< l l f hat U ' e obscrved differences are due to disturbing 
effects which are not functions of the atomic weight—e.g crystalline 

form; different relations between the temperature at which the 
P Tht S;:; deten r cd a " d the critical P fusion tempeaSe 
thoueh Ze ^ i enerahZat,0n holds for a P*at many elements, 

boron a!.d be™ni S r T ™P ortant exceptions such as carbon, silicon, 
boron and beryllium. It can be applied to the computation of the 
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approximate weight of any Vapour density measurements 

5 *JSS fiSS S3?W5 K ^en deleted. 

HAto-W g . S ^^ tWeightand . 

The value for the atomic weight obtamed^byjhe |W®|3g^ t is 

Dulong and Petit’s Rule is ^^' vapou^dens.Ues and hence mole- 
not as a rule possible to detenIll Hcncc P alt hough the percentage com- 
cular weights very accurately. with a High degree of accuracy, 

position of a compound can me thod of § 2 may be only approxi- 

the atomic weight calculated by t t u kc the percentage corn- 

mate. In contrast, the equivalen P deed Thus if W e can estab- 
position, can be found very accura y . ht an d atomic weight (for 

lish the relation between e ^ uiv * e "Ued^ince the equivalent weight 
clearly they must be very closely related sme ^ element and 

combm e adon e ta°kes h place between ^ Correct 

toe'approximate 6 value^f 6 the atomic weight found as above, and so 
find the atomic weight accurately. ^ 74 , 507, makes it ex- 

Evidence of the kind referred of hydrazoic acid HN,) 

tremely probable that (' 7 *^ ever combines with more than one 
one hydrogen atom rarely, ( ke c ase of an element w u 

atom of any other kind. Now X equivalent weight of the e erne, 
combines with hydrogen. Let t q defin ition. the equivalent 

be e and its atomic weight a. bine :e, com bines with one part 

weight of the element is. the am that if the compound contains one 
by weight of hydrogen, atom of hydrogen e ‘ ■ 

*r 1 1 ,hc 1 

wSSiio $ W"- then. 

(I 


a 

e= 2 


gen to one of the element, ^ 

e== v 

Now since K is the number 
sible (chemically), it follows that 

-. _ 


whence, 


Atomic weight — Equivalen whole number. 
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This small whole number which represents in the simplest case the 
number of hydrogen atoms with which an atom of another element 
can combine, is called the valency of the element and is defined as 
follows : 

The valency of an element is a number which expresses how many 
atoms of hydrogen, or of other atoms equivalent to hydrogen, can 
unite with one atom of the element in question. 

We can now rewrite the expression above in the form: 

Atomic weight = Equivalent weight x Valency 
or Atomic weight = y 

Equivalent weight 

We have now established the relation which we set out to find at the 
beginning of this section by which to correct an approximate value for 
an atomic weight, found by means of vapour density or specific heat 
measurements. We now see that the accurate atomic weight must be 
an exact multiple of the equivalent weight, and we can use methods 
such as the above, or the others which follow, in order to determine 
the value of this multiple. 

An example will serve to illustrate this conclusion and make the 
point quite clear. 

is !h T, ntain ? 5189 T cr i ent of indium Thc equivalent of indium 

h . 38 ‘ 2 w rh< j valency of indium was at one time thought to be 2 and 

to be 0 057 Hinr'T i 76 ‘ 4 .?\ fhe s P ecific heat of the metal was found 

to be o ik,,. Hence 6-4 0 057 - 112-3. Now 112-3 - 37 8 = 2 1)7. * The 

enc> of indium is 3 and thc atomic weight will be 38-24 x 3 = 114-72 which 
is a number close to that adopted for the atomic weight of th*s element. 

** ™ USt notcd t J iat s . onie elements combine together in more than 

TZS° n ' !° formin g. different compounds. The relation be- 

the sev ^i P r° P0rt,0nS i m wh f ,cl ! the co,nbil »ng elements are present in 
several compounds is of the kind given by the Law of Multiple 

eouPvalentliFI? J* thus definition of the 

equivalent weight of an element that a given element may have more 

than one equivalent weight. Thus, for example, two oxides of copper 

ri:"i ” «“ °< “S" M-W «™» ol copper are<2StadS& 

unhoH to « Vg n: , WhllSt ,n the 03-56 grams of copper are 

copS i S 3P7fiTth 0 fi 0 ?' 8e " T, ! ercf0rc ' the equivalent wTght of 
J*. . m the fir f‘ c: >se, and 63-66 in the second. 

accordinTto thH„ an K « ay have three ( or more) equivalents 

with mcith »r T ? ,ber of different compounds which it can form 

atomic uSh, P 'l 'I*' But anv one element can only have one 
atomic weight, and accordingly from the relation. 

Atomic weight 

Equivalent weight ^ a * uu -' 

value for The valency'luchTh 1SCU ? sing nills . 1 have "tore than one 
valency. U ' h elcn,enU an -' said to possess variable 
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■J 

_ , - r Finding Atomic Weights 

§ 5 Other Methods for Find., g , mp ortance of 

essential so long as Q been described, v 

Two such methods have aireac y 

(«) irom vapour 

w -ou. »-'« »■> ™ ^ to b „ ay OT! 

Others which must now 

i2,K i «rS“sy..om(ChaP«.»)- 

Ismnor pum 'found that “^VS.SScSapMM) 

aasrsK TTt,-' 

called Mitscherhch s Law cryslalltue /onn. duci the 

in the same manner bc used as a ««««£» h t detcrmina- 

This law of tsomor, V " sa lt; and also in atomic wc ^ of a 

KSfeSSS to c^XdsT^ 

sr, " 5 - * 

weight detcrminati n* . * ..^ir weight of 

series must be k "° b ' 1 1 duce tt the number 7tt lor • ^. U nic acids 

The analyses ol potassium ' s.lpl™' ***“” ,0M0 

Petassivni twye^ IS OS ,n 7 ol 

5 S3S SSS '■ **« siilph , tc - 

Assuming that the”££££ ol potas- 

las'rryafffftf * * - 

the composition 

h * V ' : atemie-uightSiMones-'ishtSe 

h«u«. tt. «8 

•. Atomic wens* 
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Atomic Weights and the Periodic System 

In a later chapter (Chapter 8), in which the classification of the 
elements is discussed, we shall see that the first satisfactory system was 
that due to Mendeteeff, and was based on the arrangement of the 
elements in the order of their atomic weights. Although modem 
developments have shown (cf. Chapters 8 and 9) that the atomic 
weight itself, along with Mendeldeff's Periodic System, depends upon 
something still more fundamental, nevertheless the atomic weight is 
approximately proportional to this more fundamental property of the 
atom, viz., the atomic number (see page 132). Accordingly, granted 
that the atomic weights of a sufficient number of elements are known to 
construct the table, we can use it to discover the correct value by which 
to multiply the equivalent weight in order to arrive at the atomic weight. 

A good example is again furnished by the case of indium. According 
to C. L. Winkler, indium has the equivalent weight 37-8. The correct 
atomic weight must be some multiple of this, and for no special reason 
the atomic weight was once taken to be 37*8 x 2 = 75-6. In that 
case indium would fall in a position in the periodic table where it would 
be quite mis-matched. Mendeteeff proposed to consider indium as 
tervalent, like aluminium, so that the atomic weight would be 37-8 X 3 
— 113 an< ?, t h e clement would fall in the table into a place where it 

indinmn n^77 The * ubsec l uent determination of the specific heat of 
corroborates, as we have seen, the correction made by 

value iowis m il4 e 76 ° miC ^ 75 ° t0 113 * The acce P ted 


§ 6 The Atomic Weights of the Inert Gases 

The determination of the atomic weights of the inert gases fsee 
Chapiter 24) presents a problem which cannot be entirely solved by 

^phes^hevtrmV 0 * d ““S bed “ thiS cha P ter ' K-StiSK !JZ 

ThTS^y^'f tCr qUan K tity a height 

degree of accuraiv hv haVe , been determined with a high 

wk aCLUrac y by various workers (e.g., Ravleieh Ramwv 

o kCw W Sheir a °/ herS l- b , Ut ^ elemental gas£.i? fa neSJ 
of the gas) in otZ ^ the nUmber of atoms in a molecule 

“Lir dlSitL wUch wiII at0,mc r ightS may be calculated from 

it r lccu, tf it fofc s sffi 

their^a^mR Seh t r S1 irr <r t e,at - Ve 1° hydro *' en > wiU b e one-half of 
atotic wdghts S so on d ’ at0m,C - dcnsities wil1 be to the 

chemicaf e'vtdence) °t ha^"th'* h” P* ^w^deducedfrom 

-at tTs s-jr a 
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- ■“ <* m ' ,hod fe b “ rfh,ve b ” n 

discussed already in Chapter (p g■ : ments ( e .g., measurements of 

When applied to the mert ga.es ces is 1-66. Hence 

the velocity of sound) show that yf 1 ™* omic and that their atomic 
Jwe conclude that the inert g s . t0 hydrogen). The values 

BBS IX^vSSZSXSLU - - —* 

accepted as correct. 

§ 7 Standard Atomic Weight 

It has been emphasized above ^ries^f numbers indicating the 
elements as used by chemis ( different elements. For practical 
relative weights of the atoms of the, ^ ^ standaid for atomic weights, 
purposes, therefore, it is necessa y t0 be oxygen = 16. 

Lathis standard is now ™* ™^l weVe , for during the latter 
This has not always been the <=“^8 (1803) standard hydrogen 
part of the nineteenth century. J- ead of 0X ygen = 16. Hydro- 

= 1, was used for the atomic b htest element known, j. S. Stas 
gen was selected because ll ^ , t ' 1C ® ination of the atomic weight of an 
(1800-5) pointed out that the d stan j ar d as directly as possible^ 

element should be connected vith hydrogen are suitable for an 

Very few compounds of the meta > a „ the elements form 

atomic weight determination white > ydrogen bc the standard 

stable compounds with oxygen. lation be tween the given e ement and 
it is necessary to find the ex • ; would be on the assump- 

oxygen, and then calculate wha ( that i d is known Every 

tion that the relation betjenhydr.g^ hydro gen and oxygen 

improved determination of the . ■ the atomic weight of e\er> 

3°d then be followed b V ^^^"ci to hydrogen as a standard. 

ffbSTSJeffl'by the ->r« 

Su h ol S'"™"'*' 

making the atomic weights P = 10 is quite arbitrary. • 

relation H : O. The standard j>x>b H Wo i) as ton (1814), 10. 
Thomson (1825) used oxygen- 7eliu s (1830) used oxygen-1W 
•I S Stas (1860-5), lh; and J. J- . lh atomic weights ol mai > 
as standard. The latter atomic -eight of oxygen be 

elements inconveniently <■ ■ ( raC tional atomic '' u g . cbance 

any whole number less » unit involves the east change 

required. The use of the oxyg ,. h d . .n.nmtv 

in the numbers which were in vogu 
standard. 


IIIVUIVVJ - 

hydrogen-unity 
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§ 8 Accurate Atomic Weight Work 


The determination ol atomic weights with the highest possible degree 
of accuracy requires an experimental technique of a very high order 
and so it is that there are only one or two men in each generation whose 
work in this field is of such a calibre that their results command 
universal acceptance. 

Among such men the names of J. S. Stas (1813-91), T. W. Richards 
(1868-1928) and O. Honigschmid stand out as those of chemists whose 
work was thus accepted. 

The determination of the equivalent weights and hence of the 
atomic weights of a limited number of elements with the greatest 
possible accuracy was Stas's life work, and for a great many years his 
results were accepted as the most accurate values. He it was who 
proposed oxygen as standard since, as he affirmed, the hydrogen : 
oxygen ratio was not known with complete certainty. 


To this work Stas brought a degree ol patience and skill hitherto unexampled, 
and he applied refinements in the methods to be used such as had never previously 
been attempted. He made careful search for well-defined reactions and studied 
minutely the conditions necessary for them to be complete: he prepared and 
£V r ‘? c .? a11 h ‘ s materials with meticulous care; the balances employed were 

IraMahh* At n t S h rU ^ Cd and a\ w the h,ghest order of accuracy and sensitiveness 

out with and h A P ract,cal dctails of manipulation were worked 

out ttith the greatest pains and ingenuity. 

bcM,' 1 ° n atom j c w f.‘8hts was the most accurate that had then 

exo?o«li rfi rhim V ,y f OV r r . cd a 1 ! m,tcd ran 8 e ol elements, and he himself 
fnduf .his ’ y . nal . l y , ° r , hlS rcsults - 11 was. therefore, natural that 

d c } im ? tj 11S °* wor k should be taken up by another—and to T W 

Wchar,r‘ , HarVar<1 :: M ' to «*"»»•“' even to improve upon Smswork. 
Richards began with the intention ol building upon the foundation laid bv 

atmlyinE them u> < thede.' nK SUS '* va , lu ff' in ^.ar hTs v^ue for sllver. ^ 
fnves^atcd bv StL< of th « atomic weights of other elements not 

The results ^ obt^ned P r f'I>'tatc silver chloride, or bromide. 

/ resuiis so obtained had been related to oxygen bv Stas -i* fnii^we w* 

quent uL/the^d^^Tofib^' 1 ' the lo» of wdght con“- 

errors in it. ’ 1 thus to lhc <hscovery of the systematic 


aggravating the 0 ,%,^" ° Ut prCCi »> itati ° 0 “»"6 chloride, thus 



6 ] 


atomic weights 


97 


( iv) Stas had worked with abnormally large quantities which had rendered 

the adequate washing of precipitates diH.cu t of Stass analyses owing 

AX •' - “ " ,h " 

of the reagents on them ; 

As'a^onsequence'Fhchards’undertook the revision of these fundamental atomic 

weights of silver, chlorine and nitrogen 

§ 9 Richards’s Determination of thc Atomic Weights of Silver, 

S Chlorine and Nitrogen 

Richards and his co-workers They'deUrinined 0) the 

silver, nitrogen and chlorine *n i|vcr chloride. (ii) the weight of *d\er 

weight of silver in a given wei„ > amin onium chloride: and (ml the weight 

chloride obtained from a given « . * , u of s ,| V er. l-'rom the results of these 

of silver nitrate formed from ay® ^ us|nR Morleys value (see »>i-<>w 

§ X ^ r f^^h^dr^e^^o'xv'gen^and^lydrogcn^mdepeiidently 

reduction sdver nitrate, which 

For this work pure silver was obtained b> ‘he rc«u ^ ^ ^ a[) , 

had been fifteen times rccrysUilh« d. ^ ^ t|jc plircst mt ric acid, the rc'ultin„ 
inhere of hvdro^en, 1 lie silver was di. . * r ... ,♦ a solution of v«.rs 

sSludon d. utTand silver chloride precipitated ^m t by and ,he 

pure'eommon salt The determination•a^arrud ^ ^ <>f t , n^ui^r 

end point ot the reaction « a5 a< £ Kjt hards (or the purpose’ 1 he precipita 
(see below) specially developed b> 1<> >• r ‘ possible precaution, 

was filtered off. washed, dried and «ug , jon o) 1>llri . aminoniuin chloride 

Two methods were employed for the prepar „ <)f , lota ,s.um p r 

In one ammonium sulphate. ,n*u«*»* “ r “, s made to vi.ld amiuomahy 
manganatc to oxidize awa> a resulting gas was absoibc.l m j 

treatment with l»« ''“Vll^ald and the cIdor.dc 

hydrochloric acid 1 he s< ammonium sulphate used • 

sublimed. In the other method tl« am puri . ,„,r.c acid 

ammonia was obtained b\ ** * weighed out with evt i> | lo>s . _ 

Ammonium chloride so l» r “P“ r ^ ti ^| w;i (er and added to a solution 
caution, dissolved in a very urc-dtstilk.^ 1>rctj|> „ at e was treated 

id diluted with very pure "• ^VdJyness ... a gentle «urrcmt *.'a r. 
isk and the solution was *V‘l” r J| with gnat ‘are and . ecu ■ V 


purest 

and diiuieu »h.. i iu <\ to dryness m •« -. - . 

sil vct.* ammonium'c^ilor'ide to SJW -** 

Representative | i sisiiT gin. of silver chloride animo .uun. 

100000 gin. ol s. ver gave -■ .j,dialed by 0 - 3 ,J-’li gm. o. 

1 00000 gm. ol silver chlor.de was I I 
chloride. , 1.117407 gm. ol silver nitrate. 

100000 gm. ol silver ywldc • , s then as follows: 

The calculation of the atomic k t 

E£33Sbw 


E 
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Suppose that the ratios 

silver chloride 
silver 


( 1 ) 


and 


ammonium chloride 
silver chloride 




( 2 ) 


and 


silver nitrate 
silver 


(3) 


Taking oxygen = 16 and Morley’s value (1 0076) for hydrogen (see page 101) 
we have, by substituting the values of the atomic weights in the values of the 
above ratios. 


from (1) x + y = ax 

from (2) i -f (4 X 1-0076) + y = b{x + y) 
and from (3) x + x + 48 =■ cx 


From (6) t = 
But by (4) y 


x(c— 1) — 48. Substituting this value in (5) 
x{c-l)-bx + y(l - 6) = 43-9696 
= *(<*-!) 



. = _ 43-9696 _ 

•* c- 1-6 + (1-6) (a — 1) 

Substituting the experimental values obtained by Richards for a 6 and c as 
given above, we find. 

x = 107-881 = atomic weight of silver 
y = 35-4574 = atomic weight of chlorine 
and z = 14-0085 = atomic weight of nitrogen. 


§ 10 Richards's Methods in General 

The above investigation into the atomic weights of silver, nitrogen and chlorine 
fiiw T? \ C pnnc,ples wh ‘ ch ^ ided Richards and his co-workers in this 
rrri r 7*° natur * of s?*™ of the practical details of the work, developed in 
further tDSUre hC h ' gheSt possib,e accurac y. may be profitably considered 

These principles are set forth in Richards's own essay on " Methods used in 

a " d ‘ hC ,0ll °" in8 

of an atom.c r ^. < irh a , nC Th S tl?< ‘ ‘. hoice o(areact,on to bc «sed in the determination 
o sta ri r„n l i L S •" w tUrn is ,g° ve riied to a large extent by the choice 
l h , h ls . d< ' tL ' r,nlncd b V considerations such as the following: 

condition; “ bc “P able of Preparation in a very pu?e 

being °«und) C mus e t n £ o? k^own atomic w^ght '^ " b ° Se at0miC Wcight iS 

he' " ith — “ d — 

that of purity‘is p U rob?Wy the r gr!at«t W ^|ids s fr ° nt «“ V 0 ’"' 0 ' vci ? ht chenust 

'vit P h ar S lTe S o° Te n impuri“ 

ss™ To thfs td 1,ree ,hcm . ****• ™ 

methods for overcoming it d care lo ,ts investigation and to 

He made a special study of occlusion, that is. the tendency of precipitates to 
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entangle within themselves other sofutSn^tself!” As a result he was led to 

to carry down with them portions , certain precipitates by reason of the 

a consideration of the supermrsmtab.lityofce^ P Thus , in addition 

greater ease with wh.ch oceluded .mpu t^ c cab[e a preciplta te which has 

to the use of solutions of as high » dilution ai P ujne one since the innermost 
a sponge-like structure is better a t J hc rcas those of a crystalline one 

pores of a spongy precipitate are acceKible. h ^ * effective in the former 

are not. Hence, thorough washing is mor' J P e of a spong y character 
case. It is fortunate that silver chloride '* » P rjf P > or whirling machine, for the 
Richards also developed the usei of process which finds wide applica- 

separation of solids from their “'Other liquo P by scientific investigators 

tion in technical processes, but which h^not been doub / that the extensive s* 

of this process has'contributed'much to the success o, Richards and h,s co-worher 
' D ^r improvement m 

reproduciblc'conditions. and then we.ghed 
,n F,g - 81 



F ,g 6.1.—Richards's Bottling Apparatus 

j fitted by means of a ground 

side. The boat containing ^he substance or Rases. The 

imss -~s-rjrjs#i 

solubility'cHu *>-<*1thc^M^ ^j^haVds^tol'Iws 
difficulty by the use. ^f'^nai.on depends upon the of 

a^bstence'assilver'chlonde.^whicl'J^' 1 *^ 1 "'^'^ in|connection^ with^hconginid 

jssssra nr-w- ■—«- - . 

-tssustsv- 

S - - - - “— 
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The arrangement is 



Fig. 6.2.—The Nephclomcter 


In estimating the amount of silver chloride 
carried away in the wash water for example, 
the washings are treated with excess of a 
solution of silver nitrate which causes the 
precipitation of a small quantity of silver 
chloride (due to the common-ion effect, see 
Chapter 15, page 238), so that the solution 
becomes faintly opalescent. This is done in 
one of the tubes of the nephelometer while 
a solution of a known amount is treated 
similarly in the other tube. Each precipitate 
reflects light so that the tubes appear faintly 
luminous. The shades are adjusted until the 
tubes appear to be equally bright. By com¬ 
paring the lengths of the tubes then exposed 
to the light, the amount of precipitate in the 
" unknown ” solution can be calculated. 

Other precautions referred to by Richards 
may also be mentioned. Traces of solids are 
easily lost when solutions arc evaporated to 
dryness; and to avoid this, very carefully 
controlled conditions must be employed and 
the results checked by blank experiments. 
All substances must be rigorously protected 
from dust by the use of suitable hoods, and 
closed vessels. Heating by coal-gas tends to 
cause contamination by impurities from the 
gas; this is avoided by the use of electrical 
heating. 


To suin up we may quote Richards’s own words: 

” Every substance must be assumed to be impure, every reaction must be 
assumed to be incomplete, every method of measurement must be assumed to 
contain some constant error, until proof to the contrary can be obtained. As 
little as possible must be taken for granted.” 


§ 11 The Ratio of the Weights of Hydrogen and Oxygen in Water 

The calculation of the atomic weights of silver, nitrogen and chlorine 
given in §9 illustrates the fact that in this method at least the final 
result depends upon a knowledge of the atomic weight of hydrogen in 
terms of that of oxygen. I his serves to illustrate the fundamental 
importance of this latter ratio, and an account of some representative 
determinations of it must now be given. 

I wo distinct methods are available : either the weight of hydrogen 
combining with a given weight of oxygen can be found, or the ratio 
in which these gases combine bv volume can be determined, whence, 
from a knowledge of their densities, the ratio in which they combine 
by weight can be calculated. 

The most accurate determinations of the oxygen ; hydrogen ratio 
are those made by Morlev (1K95). who measured "the ratio by weight, 
and by Burt and Edgar (1915), who measured the ratio by volume. 
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Morley's Determination of the Composition of II <' Ur b 

Historically, the most: important —ent °f the«m^ had 

of water by weight had ^ een ^ ified hydrogen over red hot copper 
synthesized water by passing p |j n ce the quantities are 

oxide and collecting the water ^ ." 0 xScn used and the weight 

interdependent, he measured the k nce tho W eight of hydrogen 

of water formed, obtaining y difficult operation of 

concerned. He was thus able to ay°.d the^verj ^ . 

weighing the hydrogen directly. (Cf^td <J^ w ^> t he (act that he 

A notable feature of Mortey s „ m/ the water formed, 

weighed both the hydrogen and the ox^ quantities 

whereas previous m vest, gators had ^ ^ c , osc 

by difference, lhe accurac> values he found for these three- 

agreement among themselves of the value* 

quantities. . < ronl potassium chlorate and 

Morley prepared the o^n u *■ of thr v C w ide tubes. The first 
purified it by passing it throng .. caustic potash solution ; 

contained glass beads m<>i*te"^i^Vnod w^th’sulphuric' acid; and the 
the second, beads similar!} 1 After purification the 

third, phosphorus pentoxide and gla^ ^^ 

gas was collected in lar ^ S ‘ lb t ^ e clc .ctrolysis of' dilute sulphuric acid. 
Hydrogen was obtained > css : vc i v through strong caustic 

and purified by being P ab5 * 1 ! 1 ^er and then through three long 
potash solution, over red-hot H , for lhe oxvgcn. 1 here is 
drying tubes similar to those u I > accuratc ly on account of its 
always a difficulty in weighing sma U errors in the weighing 

very low' density, which me* r,00 times relative to the 

of the containing vesse aft- " ^ this difficulty by 

weight of hydrogen dedu • • _ n |l a dium. Palladium i> a metal 

absorbing his hydrogeni in L property of absorbing some SOO times 
(see page 265) which possess \ ^ giving up the gas again when 

its own volume of hydrogen,g , ^ an$ the magnification of errors 
heated to a dull red heat. > v ■. j 

in the weight of hydrogen can I ^ n and {]w pa |i a diuni tube con- 

Both the globe every possible precaution, 

taining the hydrogen were wug 

(Cf. Chapter 2, page 21.) connected with C. Hg. 1 hc 

The globe containing ox} g phosphorus peiitoxide,* and thence 
oxygen passed through a ,a > j t j, L . j e ts A ; the tube containing 

into the glass chamber A/ another tube. D, containing 

hydrogen was similarly (0,1,1 hydrogen led into the chamber M via 
phosphorus pentoxidc. and the h>^ s entcr the chamber were 

one of the jets A . ih^rafvsa j^e chamber M was previous!} 

regulated by suitable stopc 

° J . . . ..... ii„. thev nave 


, not intended to dry tin- gnsc 
• The phosphorus pcntoxid* wa tcr at the later stage, 

already been dried) but to prevent 
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evacuated and weighed. One of the gases, say oxygen, was allowed 
to enter M, and electric sparks were passed across the terminals F just 

over the jets A. Hydrogen was led into 
the apparatus and ignited by the sparks. 
The rates at which hydrogen and oxygen 
entered the chamber were regulated so that 
the formation of water was continuous. 
The water formed was condensed, and 
collected in the lower part of the chamber. 
To hasten the condensation, the apparatus 
was placed in a vessel of cold water— 
dotted in the diagram. When a sufficient 
amount of water was formed, the apparatus 
was placed in a freezing mixture. The mix¬ 
ture of unconsumed oxygen and hydrogen 
remaining in the tube was pumped away, 
and analysed. The weights of hydrogen and 
oxygen so obtained were added to the 
weights of unconsumed hydrogen and oxy- 
Fig. 6.3.— Morley's Expcn- S en remaining in the globes. The phos- 
ment. Synthesis of Water phorus pentoxide tubes prevented the 

escape of water vapour. The amounts 
of hydrogen and oxygen used were determined from the weights of 
the vessels containing them before and after the experiment. The 
amount of water formed was determined from the increase in the weight 
of the above-described vessel after the combustion. Morley, as a mean 
of eleven experiments, found that: 

Hydrogen used . . . .3-7198 grams 
Oxygen used . . . 29-5335 grams 

Water formed .... 33-2530 grams 

Hence, taking oxygen = 16 as the unit for combining weight, it 
follows that 16 parts by weight of oxygen combine with 2-0152 parts by 
weight of hydrogen to form 18-0152 parts of water— within the limits of the 
small experimental error. 



Bun and. Edgar's Determination of the Composition of Water by Volume 

Sonic account of Burt and Edgar's work on the volume composition 
ot water lias been given in Chapter 4 (page 00). As a result of fifty-nine 
determinations, they found the ratio 1: 2 00288 for the combining 
volumes of oxygen and hydrogen in water. In conjunction with 
accurate values for the absolute densities of oxygen and hydrogen this 
result enables us to calculate a value for the'ratio in which oxygen 

hv J’y i'.° B , en C ,r bU VL by wei B ht - Motley (who determined this ratio 
• ^ight directly, with great accuracy, as described above) also made 

ovvUn are H c ,,U '? SUrClne l! S ° f , the abso,ute densities of hydrogen and 
oxygen. His values are that the weights of one litre of hvdro^en and 

oxygen at S.T.P. are 0-089873 gm. Id 1-42900 gm respeSy. In 
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.. „ n >v» ■Rnrt and Edear’s value for the volume ratio, we then 

“lights oi and hyd,. 6 «„ .«be 

10:1-0077. 

§ 12 Atomic Weight Determinations by Physical Methods 

We have already eeen llhjs chapter. that *{**^«Jprinciples, since they 
gases can only be determined by the (0r reacting weight). It is 

form no compounds and hence b Q chemical values should be 

natura. that for other element An account of some 

sought from the results of pure > p . , now be given, 

representative work in this field mus . methods was the so-called " limiting 

Until recently, the most important of the attempts to determine atomic 

density “ method. The great probtem The (act .ha, all gases show 

weights from values of gas densities ar degree, and that the extent o 

deviations from the gas laws in g t h, s rcason t he ratio of the norma 

these deviations varies from to g : page 20) will not give the exact 

densities of two gases (as defined1 m Chapt -• P j olumeS of two given gases, 
ratio of their molecular weigh . • ctua jjy contain exactly the same 

measured at one particular pr«s Vvocadro's hypothesis, it follows that at 
number of molecules as required b \ coin prcS,»b.l,ties of the two gases 

some other pressure, owing to i t (although nearly the same) numbe 

equal volumes would contain slightly different fa 

of molecules. „.nres between various gases as regards their 

It has been lound that diflerences « o( thc deviations, become very 

deviations from Boyles Law. as ' *«*'** *j and ht . n ce it is reasonable to assume 
much smaller as the P re ^ ur - ?.' s / e n d “' , v ' ou ld vanish, and that the ratio of the 
that at zero pressure these dlfl * r * n " (kn own as thc limited densities) would 
densities of two gases at zero pre s * , ar weights of the gases concerned, 

be an accurate value lor the rat, ° 0 ‘ t ' , '^b c determined directly but ■« can be 
The limiting density of «8» ta , B tain other lactors can be found, 
evaluated from the density at S.T.P. d c occupics a volume of v litres at a 

Suppose that a quantity of gas o mass m ^ , > crc5 ,, Hoyle s Law were 

temperature ol 0* C. and a |M>* ° a P „ pressures Owing to devia- 

obeyed, the quantity mil* “^rv with he pressure. II P = L ts 

tions Irom Btoyle’s Law. .1 will. « ^ Chaptcr „ As p approaches 

value is that of the normaldenstya dcnsity Now lor any given ga 

zero, its value approaches tnai oi . D 
whose normal density (i.c., at b. 


D * 


m 

~Pt>\ 


m 


. y . _ i Similarly, the limiting density is 
where p x v x is the value of pv when p 

where p 0 v 0 is the limiting value ol pv as p approac 

/. Limiting density = D y 

. • i matter of determining the ratio 

The evaluation of the limiting dens.tyjs tl ^ ^ ^ |uun<l by cither of two 

p } v t l Po v o This ratio, for any given mass ol g 

distinct methods. These are , 

(i) the extrapolation method. n lrom Boyles Uw is P r «l >ort ^ n . a ‘ 

(ii) on the assumption that th ^ two i oW pressures enables p 0 v v 

to the pressure, the mcasurci t ^ rcSS jbility coefficient method, 

calculated. This is known as the compress 

The extrapolation method various pressures, a curve 

By making a number o. determination, ol pv 
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can be plotted which expresses the relation between pv and p. This curve can 
then be extrapolated back to p = 0, which enables the value of p 0 v 0 to be found, 
and hence the ratio PiV x /p 0 v 0 . 

The compressibility coefficient method 

If the deviation of a gas from Boyle's Law is proportional to the pressure, we 
can then say the relative deviation. 


PqVq-Pv = 
pv 




where X is a constant called the compressibility coefficient. Two measurements 
of pv for different values of p (less than one atmosphere) will serve for the calcula¬ 
tion of X from this expression. Having found X we sec that 

Po v o — P\»\ U + a) since p == 1; 


whence Limiting density 


Normal density 
1 T X 


For example, the following values have been obtained lor oxygen and hydrogen: 

Normal Density Compressibility 
Oxygen . - . . 142900 + 0 000904 


Hydrogen . 

Limiting density of oxygen 


1*42000 

00S9S73 - 0 00054 

1-4290 

1*000964 = 1 42762 Bm./litre. 


and Limiting density of hydrogen 

J h 0-9994G 


0 089922 gm./litre. 


moWiltroni" th * C rati ° ol . V IC mok ; cu,ar "eights, and hence, being diatomic 
m^urld i„ O thUw“y 0 r '* ,0,I °" S ,h “ ,h « >»drogcn: oxfgen rat.o 

1C: 1-0078 

2d EdK« C (pa ! r c “ C 03r ry " C “ Wi,h ,hOSt ' ob,ai,,ed bv Mor,e y (P^c 102) and Burt 

arp E Mo , lM l and^ , t„!!. S ‘;'T""* ' lcnS "-'; nu,llod ">r finding atom.c weights 
ammonia , n'T !’ ,tr ?« cn / "on, the limiting density of 

n,a * a,ul lil,rt s va,uc for chlorine, from that of hydrocen chloride 

As a result of their experiments with ammonia. Moles and Batuccas found the 
limiting density of ammonia to be 0-75990 -in orr l,*r.- r f V * , 

oxygen (determined similarly by Gray a^ 

density of ammonia, referred to oxygen 10is thus: R pcr htrc * Thc 


0*75990 


X IG = 8*510. 


Uie loliowing figures 


I 42702 

Its molecular weight is therefore 17*032. which gives thc value 14-008(5 for the 
atomic weight of nitrogen, on the basis of In drogen 1 - 007 K 

were Gained ^ tx P t riments Mrogcn chlor.,1. 

Normal density = 1*0391:> gm. pcr lllrc 

u 4 , . Pi v i = 54803 

ny extrapolation p 0 i/ o .. - 

Limiting density of hydrogen chloride 

1*03915 x 54803 
55213 
*= 1 *62098 


per litre. 


6 
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. Density of 


AS above, the limiting density o. oxygen is «■*«« 8m. per UUe. . 
hydrogen chloride, referred to oxygen 16. 

1-62696 x ^ 

_ 1 42762 
_ jg-233. 

by lelai 

o, a degree of accuracy equa. o thato^e ^ ^ weights of 

During recent years, A ^ on h ^ d forms Q f the mass-spectro- 

many elements by mews■ °f *[“ F a cv has been attained. The 

gTaph, and a very high degree • determination must, how- 

description of this method of a ‘°™ Modern discoveries concerning 

ever, be deferred until thc . fa J' r ^'_"£ d for the theory of the method 

the nature of matter have been desenb d wiU accordingly be 

depends upon these modern results. An 
found at the end of Chapter J. 

s 13 International Atomic Weights 
However greet the core oml ’fodjiSing em.r, (root 

==»? 

remains true that all such n .hough extremely small, are >it 1 *-* - 

errors of experiment, which. aVa n a ble determinations of such . 

Hence it is that even the .best t diflcr among themselves 

quantity as the atomic weight of an 

within certain limits. ronve nicnt to select one representative 

This being the case, it '^’‘^servations ranging between these 
value from the many different . ' agrce d to let the Internationa 
limits. The majority °<chenis ^ b ycar what are the best 

Committee on Atomic \\ eights <h ^ > t , K . ^b. hxer> 

representative values for l . e mctllo( j s of measurement are cin|> o>u . . 
time new and more refii small—may be necessary, 

change—generally insignificant > m cVH lence considerably 

A careful consideration of all |n( . (hud adopted by the Committee. 

reduces the risk of error, an solution of the problem, 

appears to be the most satisfactory ^ imporlant elements are 
The atomic weights of a k those recommended b> tiu 

indicated°in TableV The numbers^amtho ^ fuH (a|)k . appears 

International Committee o 

inside the front cover of th ^’ v thc use ol atomic weights all1th 

For ordinary calculations inv^ngtne ^ nIckc | (M 

atomic weights, excepting t nearest whole numbers 

and zinc (05-5). arc rounded*“ j thc atomic weights indicated 
elements just named arc then ass t. 
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in the brackets. Some chemists—G. D. Hinrichs, for example— 
have believed that the rounded numbers are the best representative 
values of the atomic weights, and that the small deviations from the 
rounded numbers indicated in the " International Table ” represent 
real, if unrecognized, errors of experiment. In view of the work on 
isotopes, to be discussed in a later chapter, this question has lost its 
significance until we have learned to interpret the fact that many of 


Table VI.—International Atomic Weights. 0 = 16 


Aluminium 

. A1 

20-97 

Antimony . 

. Sb 

121-76 

Arsenic 

. . As 

74-91 

Barium 

. . Ba 

137-36 

Bismuth 

. Bi 

209-0 

Boron 

. B 

10-82 

Bromine 

. . Br 

79-92 

Calcium 

• . Ca 

40-08 

Carbon 

. C 

12-01 

Chlorine 

. • Cl 

35-46 

Chromium . 

. . Cr 

52-01 

Cobalt 

Co 

58-94 

Copper * 

• . Cu 

03-57 

Fluorine . 

. F 

19-0 

Gold . 

• . Au 

197-2 

Hydrogen . 

. H 

1 008 

Iodine 

. I 

126 92 


Iron 

• 

• 

. Fe 

65-85 

Lead . 

• 

• 

. Pb 

207*21 

Magnesium 

• 

• 

. Mg 

24-32 

Manganese 

• 

• 

. Mn 

54-93 

Mercury 

• 

• 

• Hg 

200-61 

Nickel . 

• 

• 

. Ni 

58-69 

Nitrogen 

• 

• 

. N 

14-01 

Oxygen 

• 

• 

. O 

16.00 

Phosphorus 


• 

. P 

30-98 

Platinum 

• 

• 

. Ft 

195-23 

Potassium 

• 

• 

. K 

39-10 

Silicon 

• 

• 

. Si 

28-06 

Silver . 

• 

• 

• Ag 

107-88 

Sodium 

• 

• 

. Na 

23 00 

Sulphur 

• 

• 

. S 

32-06 

Tin 

• 

• 

. Sn 

118-7 

Zinc 

• 

• 

. Zn 

65-38 


the atomic weights at present accepted are averages of mixtures of 
two or more different kinds of atoms which at present are given the 
same name, although they have slightly different atomic weights, 
bo far as has yet been observed, these atoms cannot be distinguished 
lrom one another by any chemical process yet tried. 






CHAPTER 7 

formulae and equations 

However cert** the .acts o. 

these facts, we can only coronmnica a r!y expressed.— A. L Lavoisier. 

if we want words by which these y P d c h c mical relations of the 

In his calculations the chemist reliesion‘ ® les P £ calls atoms These relations 
invisible, intangible, and ^^easurabk p« tj ^ con6dcnce . and the accuracy 
have been determined by others in H . C Bolton. 

of these constants has to be accepted on taitn. 

S 1 Symbols and Formulae 

For convenience in recording and""tetancS! there has been 
in so far as they concent the composd norn ' endature base d upon the 
developed a system of sym -p 0 eac h element has been 

Atomic Theory (see Chapter 3 page »-!• , etters der ived from the 
assigned a symbol consisting o g cases t he Latin name, e.g., 

recognized name of the elem hvdrarevrum). Compounds are similarly 
Hg for mercury from the UtinM" for the diffe rent elements 

represented by joining t0 8 cth appropriate subscript numerals to 
present in the compound, w ' 1 ' a '! P el ’ men t present in one molecule 
indicate the number of atoms of each ele P^ representing 

of the compound. Familiar ex P h * a juxtaposition of symbols, 

water and sulphuric acid respectively. bu £ rm i la _ the formula of the 
representing a compound, is called a 

compound. , t t u PS e symbols and formulae do no 

It is important to notice th »t ‘hes >’ unds in a qualitative or 

merely represent the elements and < un tit a tive. Thus the symbol of 
purely descriptive manner, of that element, numerica y 

an element represents a defimt 'g a conven ient unit (e.g., grams 
equal to the atomic weight, expresse a pound expresses a definite 
or pounds). Similarly, the f«m«a ^"Xerical sum of the atomic 
weight of the substance, bcln , e a resse d in suitable units as before 
weights of the constituent atoms e I indicate sulphuric acid in 

Thus, for example. H,S0 4 does ,?°„aicatcs also 98 parts by weight of 
a general and indefinite w ay- , ( hydrogen, sulphur and oxygen 

sulphuric acid. (The atomic weights ol y b o{ sulphu nc acid 

being 1, 32 and 16 respectively the lorm 
is 1 x 2 + 32 + (16 X 4) = 98.) 

8 2 Equations 

The elements are represented by ^ chemical 

indicated by combinations o y c j cfncnts or compounds react a <. 
changes which take place ti ^ 

similarly shown by means o Q 
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When the initial and final products of a chemical reaction as well as 
the composition and proportions of the molecules concerned in the 
reaction are known, the facts can usually be symbolized in the form 
of a chemical equation. 

Such an equation indicates the nature of the atoms and the supposed 
composition of the molecules concerned in the reaction; as well as 
the proportions of the different molecules in the initial and final 
products of the reaction. For instance, when mercury is heated in air, 
and mercuric oxide, HgO, is formed, the reaction can be represented in 
symbols: 2Hg + 0 3 = 2HgO. We here ignore the nitrogen of the 
air because, so far as we can tell, it plays no direct part in the chemical 
reaction. Similarly, when mercuric oxide is heated to a high tempera- 
it decomposes, forming metallic mercury and oxygen. In symbols, 
2HgO = 2Hg -f- 0 2 . The symbol “ = " is used instead of the words 
“ produces " or " forms," and the symbol " -f ” is used for “ together 
with on the right side of the “ = " sign, and for " reacts with " 
on the left side. The latter equation reads: " Two molecules of mer¬ 
curic oxide, on decomposing, produce a molecule of oxygen and two 
molecules of monatomic mercury." The number and kind of the 
atoms of the two sides of the equation must always be the same (Law 
of Conservation of Matter). 

In Chapter 4 (page 69) we saw that the molecular weight of an 
element or compound is the sum of the atomic weights of all the atoms 
contained within a molecule of that particular element or compound; 
and as mentioned above, all symbols and formulae have a quantitative 
significance. Hence it follows that an equation indicates the propor¬ 
tions by weight of the substances concerned in the reaction. The 
atomic weight of mercury is 200, and the atomic weight of oxygen is 
16, hence, the molecular weight of mercuric oxide is 216, and of 
oxygen 32. I he latter equation can therefore be read: “ 432 grams 
(oz. or tons) of mercuric oxide, on decomposing, forms 32 grams (oz. 
or tons) of oxygen gas and 400 grams (oz. or tons) of metallic mercury." 
i mis the chemical equation can be employed in all kinds of arithmetical 
pro ems dealing with weights ol substances formed or produced. 

. U J r -n er < Cha P^ P a 8 e 77 )- the molecular weight in grams of any 

" 1 occ . u P>; 22 * ht res S.T.P. It follows, therefore, that ail 
equation indicates the proportion by volume of the gases concerned 

tho 10n >m *>nM'ijuently, we can express the idea conveyed by 

he equation 2HgO = 0 2 + 2Hg in these words: " 432 grams of 

at™ r X, an^ o Um,Sh 32 F?” 1 * of ox >'§ en ‘ or 224 litres oxygen 
gas at 0 C. and ,60 mm., and 400 grams of mercury." 

$ 3 Deduction of Formulae 
1. From percentage composition 

atoms prc^*nMnS?s C rr )ni l ,)OU ! U ^ . cx P ress * n S the number and kind of 

sxgsf ? 01 
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(i) information as to the elements present ‘^e c °mpo und; 

(ii) the percentage composition of the compound, 

(iii) the atomic weights of the elements present, 

(iv) the molecular weight of the compound. 

(i) The elements peesenh The nature ol «,M~« “ t "S! 
by the processes of qualitative anal>ss, « 

culty is experienced in obtaining these nec ss > . 

(ii) 77* percentage composition. The Sf a 

portion by weight of each elemen 1 PjV\* n weiR j lt 0 f the compound 
quantitative analysis. The elements separated and 

ire converted into some form in been 

7v!nt S’.S's »d 6. a,S many o.her, «U1 b, lound in .».er 
“'mThe etemte **»., ,»ud »*«^ 

. . 

js , «**" 41 “ “ y 

one of those referred to in Chapter 11. tormula 

The application ol these data to the £»"*» '°™“' 

is best explained by means of an i X - U "P , hydrogen only «•<•* found 
A volatile compound contain,ug a rhon a ml hydrog^ ,,, j,, 

to W the following percentage l0 " t‘ ; vapour of the substance 

Hydrogen. 7 09 per cent. I he dt init\ < y 1 

(referred to hydrogen) was 39. Cahn « * fuvc[ . wc f,„d that the 

From the table on the inside o approximately 12 and 1 

atomic weights of carbon and .h>'^rj’^• ve ‘ nun ‘ 1 {, ( .r S of atom's of carbon 
respectively. In order to find the * ,-iven in the percentage 

and of hydrogen in the weights oft t . thc u . slK ctive atomic 

composition, we must divide these ' u j,. 
weights.* We thus arrive at the followin„ 


, v, A It C and let tie- atomic weights ol A. II and C be 
• Let thc lormula be A x n y ^z> ana 
a. b and c respectively Then 

100 a, , t . percentageolj . 

-- a at + l'.v + « 

ax + by + ex 


percentage ol A — 


percentage ol B — 
and percentage ol C — 



i.e., 


percentage of D m _ I uu y - 

0 ax + yb + c: 


i.e.. - 


percentage of_C _ _ 1°° Z - 

c ax + by + 


c: 


x :y 


percentage o. ^ 1 »» rccn ^ C 

—-—-- b C 
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No. of carbon atoms : number of hydrogen atoms 
= 92-31 . 7-69 
12 ' 1 
= 7-69 : 7-69. 

By the atomic theory we cannot have fractions of atoms, hence 
dividing by 7*69 we have the ratio 1: 1 which leads to the formula CH. 
But compounds C 2 H 2 , C 3 H 3 , CnH» would clearly lead to the same 
result. 

In the case under consideration, since the vapour density of the 
compound is 39, its molecular weight is 78. The molecular weight of 
C*H„ is 13n whence n = 6 . The formula of the compound is thus 

c,h 6 . 

In calculating formulae for substances which cannot be vaporized, 
and to which one of the methods to be described later cannot be 
applied, it is usual to assume that the molecule has the simplest 
possible formula. In that case the formula is said to be empirical . 
Some prefer to use the term “ formula weight " in place of “ molecular 
weight " when the actual molecular weight has not been determined. 
I he formula weight, like the molecular weight of a compound, is the 
sum of the atomic weights of the elements represented by the known, 
or assumed, formula of the compound. 


2. From volume relationships 

When gases are involved, either among the products or starting 
materials of a reaction, the tedious processes required for the weighing 
of gases may often be avoided and the formula calculated by the 
application of Gay-Lussac’s Law of Volumes (page (36) to the volume 
relationships of the reacting substances and their products. 

\ he method can best be explained by means of an example, 
o c.c. of a gas containing only carbon and hydrogen were mixed with 
an excess of oxygen (30 c.c.) and the mixture exploded by means of an 
electric spark. After the explosion , the volume of the mixed gases remain¬ 
ing was 25 c.c. On adding a concentrated solution of potassium hydroxide, 
the volume further diminished to 15 c.c., the residual gas being pure 

oxygen. All volumes have bun reduced to S.T.P. Calculate the formula 
of the hydrocarbon gas. 

_L e ', l !l e f T ,uh ° f the gas * C - H - Then the change, when it is 
exploded with excess oxygen, may be represented: 

CmH * -f +-^0 2 = wCOj + ” H,0. 

Hypothesis (pSes )^' 8 LaW °‘ V ° lumes ( P age GC > and Avogadro's 


1 volume of hydrocarbon needs 


(- + 0 


volumes of oxygen to 



T| formulae AND EQUATIONS m 

produce m volumes ofTonctensed liquid 

formed at room temperature, a b & 

WatCr ’ . , • „ _ , i m 4 . - + unneeded oxygen 

,\ Volume before explosion — 1 + >« + 4 t 

and volume after explosion = w + unneeded oxygen 

Contraction on explosion = 1 + - 

The addition o< pom-m ££3 “ j 

SThTnlbS^r.^ examp,e to correspond to l volume oh 

hy S“."Son" Siion o, potassium hydroxide 

= m = ^ = 2 and 
5 

n = I0 = 2 

Contraction on explosion — 1 + 4 5 

n = 4 

The formula of the hydrocarbon is C,H 4 . 

§ 4 Chemical Calculations 
In view of the lact that 

in writing the equations which rp^^ cquatjons themselves can be 

chemical calculations. A few representative 

”TSu 2£Z o, potassium nUraU KNO>. 

IK = 39, N = 14, 0 = 10.) reoresents the number ot atoms 

Since the formula of a compo > P jc wcigh ts are the relative 
contained in its molecule, and tne 

weights of these atoms, we a t by we ight 

one atom of potassium = • • > F£j* * we > ht 
and one atom of nitrogen arts b y weight 

and three atoms of oxygen = 48 parts y 

are combined in one mole- \ = i 0 l parts by weight 

cule of potassium nitrate J nitr ite there are 

• in 100 parts by weight of potassium nitrate 

39 x 100 = 38 01 parts by weight of potassium 

101 , . 
ii X 100 = 13-86 parts by weight of nitrogen 

101 
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and — X 100 = 47-52 parts by weight of oxygen. 

101 

That is to say, the percentage composition of potassium nitrate is: 

potassium . . . 38-61 per cent, 
nitrogen . • . 13-86 per cent, 

oxygen .... 47-52 per cent. 

2 . 5 gm. of zinc arc completely converted into crystallized zinc sulphate 
ZnSO A .lH 2 0. What weight of zinc sulphate is obtained? (Zn = 65-5, 
S = 32, 0 = 16, H = 1.) 

One atom of zinc is present in one molecule of zinc sulphate. 

65-5 parts by weight of zinc will yield 

65-5 -f 32 + (4 X 16) + 7(16 + 2) = 287-5 

parts by weight of crystallized zinc sulphate 

, . ... 287-5 X 5 

. . 5 gm. of zinc will give- 

65-5 

= 21-95 gm. of crystallized zinc sulphate. 


3. What weight of iodine will be liberated by the action of the right 
amount of chlorine on a solution containing 2 gm. of potassium iodide, 
according to the equation 2 Kl -}- Cl 2 = 2KCI + /,, and what weight of 
chlorine will be needed ? (K = 39, Cl = 35-5, / = 127.) 

1 he equation shows that 2 x (39 4 - 127) gm. of potassium iodide 
are acted upon by 2 x 35-5 gm. of chlorine with the formation of 
2 x 127 gm. of iodine. 

2 gm. of potassium iodide will yield 


2 x 127 x 2 
2 x (39 j- 127) 


2 x 127 
166 


1 -53 gm. of iodine. 


Similarly, the weight o! chlorine required will bt 


_^X 35-5 x 2 
2 x (39 + 127) 


2 x 35-5 

166 


= 0-43 gn». of chlorine. 


4. H Jiai weight of anhydrous sodium sulphate and what volume of 
carbon dioxide, measureu at 15 L. and 735 mm. pressure, can be obtained 
by the action of t.u-'ss of dilute suiphunc acid on 10 gm. of washing soda 
crystals, Na 2 C0 9 MH t O ? (A 'a — 23, C 12, H = 1 , O = 16, S = 32.) 
1 he equation for the reaction (cf. Chapter 19) is 


Na 2 CO 3 . 10 H 2 0 -f- H 2 SO, = Xa 8 S0 4 4- CO, 4 - 11H 2 0 
whence we sec that: 


2S6 grams of washing soda will yield 142 
and 22-4 litres ol carbon dioxide at S.T.P 


rams 01 sodium sulphate, 


r\ 
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10 grams of washing soda will produce 

142 x 10 _ grams of sodium sulphate 
286 

22 -4 X 10 m res of carbon dioxide at N.T.P. 
an 286 

22-4 X 288 x 760 Utres at 15 o C . and 735 mm. 

~ 286 273 735 

= 0-854 litre. 

5 . w* ./“if 

v •» - ”-‘ 

lor this “J * 

AgNOb 4* HC1 = AgCl 4 HN0 3 

That is to say, f ctp will precipitate 

**.*00 « 1 l ”' ar ® 5 C ^ n Ssh.« cLridc 1 

No. 100 «. ol hydrogc,. ddond, C '** 

_ 100 X 273 x 150 c c at S.T.P. 

285 X 760 t 3 t p, will precipitate 

Since 22.400 c.c. ol hydrogen chlor.de S.T 
143-5 gm. of silver chloride 

100 x 273 X 750 c c at s.t.P. will precipitate 

285 X 760 

iaa-S v 100 X 273 X 7 50 gm _ of silvcr chloride = 0-0057 gm. 

286 X 760 X 22,400 uo „ s 0 i the above types. 

Very many chem.cal calculations are variation 


CHAPTER 8 

THE CLASSIFICATION OF THE ELEMENTS 


The primary object ol classification is to arrange the tacts so that we can 
acquire the greatest possible control over them with the least possible effort. 

The periodic law has given to chemistry that prophetic power long regarded as 
the peculiar dignity of its sister science, astronomy.—H. C. Bolton. 

§ 1 Early Attempts at Classification; Dobereineris Triads— 
Newlands’s Law of Octaves 

In any attempt at the classification of objects or things, the aim is to 
group together those which resemble each other in some respects, and 
to separate those which differ. Clearly, in any actual case, various 
criteria of likeness will be available: and according to that adopted 
as the basis for classification, the grouping may differ, so that things 
grouped together on account of similarity in one respect, may be 
separated if the classification be based on some other basis. The best 
classification will clearly be that which brings together things which 
resemble one another in the greatest number of ways. The classifica¬ 
tion of the elements has long been an attractive subject. The elements 
have been classed into metals and non-metals; into acidic and basic, 
or, what amounts to the same thing, into electronegative and electro¬ 
positive elements (see page 198) and they have been classed according to 
their valency; and also according to many other properties. In all 
these systems an element appeared in more than one class; or elements 
with but few properties in common were grouped together. The 
properties of the elements used as the basis of classification may also 
vary with the conditions under which the properties are observed. 

The method first referred to in the previous paragraph, viz., division 
into metals and non-metals, is often a convenient one; though, as with 
most systems, exact subdivision is not practicable. As a general basis, 
however, metals and non-metals may be contrasted as indicated in the 
table on the next page. 

To show how difficult it is to draw a hard-and-fast line of demarcation 
between metals and non-metals, the non-metals arsenic, antimony, and 
tellurium would be classed with the metals if wc depended exclusively 
upon •>, 7. and 8; hence, some introduce a third division — the 
metalloids—-to include the hybrids, or elements which have properties 
chai *■ teristic of both the metals and the non-metals. The metals 
ith* : 1 sodium, potassium, magnesium, and aluminium have a low 
gra\itv. lhe non-metals carbon, boron, and silicon are less 
volatile than most metals, fhe non-metal hydrogen is a good con¬ 
ductor Ot heat; and the non-metal graphitic carbon is a good con¬ 
ducts of heat and electricity. Hence the division of the elements 
.n o n, taU and non-metals is but a rough system of classification, 
arbitrarily adopted because it is convenient. 

IM 


g] THE CLASSIFICATION OF THE ELEMENTS 115 

Table VII.— The Properties op the Metals and Non-metals Contras- 


Metals 


1. Form basic oxides. .. 

2. Generally dissolve in mineral acias, 

giving off hydrogen. 

3. Either form no compounds witn 

hydrogen, or form unstable com¬ 
pounds—usually non-volatile. 

4. Solid at ordinary temperature (ex¬ 

cepting mercury). 

6. Usually volatilize only at high 
temperatures. 

6. When in bulk the metals reflect 

light from polished or freshly cut 

surfaces. . 

7. Specific gravity is generally 

8. Good conductors of heat and occ 

tricity. Electrical resistance 
usually increases with rise o 

9. More or less malleable and ductile. 

10. Molecules usually monatomic in 

vaporous state. i 

11. Chlorides not hydrolysed^y^watcrj^ 


Non-metals 


l Form acidic oxides. . 

2 . Do not usually dissolve easil> m 

mineral acids 

3 Form stable compounds witn 

3 hydrogen - these are usually 

4 Gases, ^liquids or solids at ordinary 

E t xc?pC Ur carbon. boron, and 
silicon, the non-metals are cither 
gaseous or volatilize at low 

oMll roHccr Ugh. very 
well 

Specific gravity generally low 
B P id conductors of heat and eiec- 
triedy Electrical resistance 
usually decreases with rise o 

Malleability and ductility are not 

MoU-culcs" “dually polya.om.c >n 

rfcln wdM*hvSroiy«wl by water. 


5. 


6 


9 

10 


. v^nionucs mn - * _ _: — -- , . 

- iTnrtv it least remains unaltered, and 

In all chemical changes one P^ ri > ( . ‘ uion wc rc based, in the tirst 
the more successful systems o * a tonne weights of the elements, 
instance, on this property, viz., seriously hampered by the 

The early efforts in this. ^atomic weights. But after 

uncertainty in the numerical valu ^ ;lSSOC iated with the atomic 

chemists had cleared up the consistent system of atomic 

theory left by Dalton, and obtaieia 

weights, the results were more prom sinfc. d sonie rcgular.ties 

Between 1816 and 1829, J- " • elements. for he found that 

in the atomic weights of certai eitlu-r exhibited almost the 

most of the chemically related d anc j nickel— or else exhibited 

same atomic weight— e.g., iron ,, of three, 

a constant difference when dr k . wc «,hts: 

Thus, rounding off modern a nl 


Atomic Weight 
Difference 


Atomic Weight 
Difference 


Atomic Weight 
Difference 


Calcium 
40 


Chlorine 
35 6 


Sulphur 

32 


47 


44 5 


47 


Strontium 
87 


Bromine 

80 


Selenium 

79 


50 


47 


49 


Barium 

137 


Iodine 

127 


Tellurium 

128 
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These were called Dobereiner’s Triads, but it was soon felt that his 
list was but a fragment of a more general law. Between 1863 and 
1866, J. A. R. Newlands published a series of papers in which he 
arranged the elements in the ascending order of their atomic weights, 
and noticed that every succeeding eighth element was “ a kind of 
repetition of the first/' Thus: 

H Li Be B C NO 
F Na Mg A1 Si P S 

Cl K Ca Cr Ti Mn Fe 


" In other words," said Newlands, " members of the same group of 
elements stand to each other in the same relation as the extremities of 
one or more octaves in music. This peculiar relationship I propose to 
term provisionally the law of octaves." Newlands noticed that elements 
belonging to the same group " usually " appeared in the same column, 
and he declared that all the numerical relations which had been 
observed among the atomic weights, " including the well-known triads, 
are merely arithmetical results flowing from the existence of the law 
of octaves." 

The law of octaves " did not attract much attention, probably 
because faulty atomic weights seriously interfered with the arrange¬ 
ment.* Similar remarks apply to some papers by A. E. B. de Chan- 
courtois in 18(>2, where also it was proposed to classify the elements by 
their atomic weights. 


§ 2 The Periodic Law—D. I. Mendeleeff and L. Meyer 

D. I. Month-IceIT and L. Meyer, quite independently and, so far as 
we can tell, quite m ignorance of Newlands's and Chancourtois’s work, 
obtained a far clearer vision ol the “law of octaves" about 1869 . 
Monde lee!! said: "When 1 arranged the elements according to the 
magmtude of their atomic weights, beginning with the smallest, it 

nori l ; ‘ • : lt lh< rc ex ! sts a kind of periodicity in their pro- 

J j 'e n.Mse expressed, if the elements be arranged in the 

a * om,c "‘eights, their properties vary from member 
value 1,1 i n ‘ '• ‘ ■ bul . roturn nioro or less nearly to the same 

/; ! t ‘ir ,r n » s m .. l, rVT ni ‘ S . continued: •• I desig- 

n'ronert'i ■ of ri ""i 0 C * Ioc ^ lc ■l**"' the mutual relations between the 

properties of the elements and their atomic weights, these relations are 

of the London rhl-mhaf ° C VV'“ " at a meeting 

men I ol the elements would nr.**, nr V * !• 9 Fos ter said that any arrange- 

Mr. Newlands had ever examiiufl th . <KiaMOnal coincidences, and inquired if 
Twenty-one .ears later the lv 0 v»i < ^kinents according to their initial letters, 
for his discovery ‘ * Society awarded Newlands the Davy Medal 
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applicable to all the elements, and have the nature of a penodic 
function." Expressed more concisely, we have Mendcleeff s penodic 
law: The properties of the elements are a period* function of their 

^Consequently, Mendeleeff was able to construct a table in which the 
elements^ were ^arranged horizontally in order of their atom* we, gMs 
and vertically according to their resemblances in properties. I he 
earlv tables were very imperfect on account of the unreliability of 

d ss s ryrs’i 

tSUSHH: vme 

as the ordinal number of the ehn / he order of cert ain pairs 

sjstf si - - - - 

the Atomic Weights. 

§ 3 General Structure of the Periodic Table 

Beginning with hydrogen, the ^'rowli^th^order^f tiieir 

writing down the elements in a * . • a rccU rrence of the 

atomic weights, we come to ek-uu-'^- ^ ^ £ il|tcrvals „f 2 . 8 , 8 . 
properties of elements already start a ne \v line in the 

18, 18 and 32 elements respectively. 1 : ,,j nnill{ , 0 | ea ch 

table at each of .™£mJJJ ,™ J&lly ht/W.Vs 

new period, we shall find tli tal>lc the groups are 

or of like l-;p, f''G,o„,, 0> i,o,n. 

numbered from I to \ M . , r alternatives. 1 he 

Groups VIII and O are *'n^al in that they ^ ^ ^ kn|Wn as 

Periods are numbered 1, A 1 . j a t j ie j onK periods the 

•*« ***-, t .ifV-A.ffc..«l '» *h‘" tahk 

‘ mvmu 

columns. 1 hoc .ro <**'«'“■' w .,„ »n*. 

- • A periodic Junction is one wii va » 

The interval is called a ’* period. 
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8] 

In oeriods 4 and 5 (the first of the long periods) it is necessary as 
in penoas * a V elements before one of really similar 

wehaveseen, topassnot 8but 18 eluents, oeio J closely 

with. They may be ieg*rdai« rdated» « somewhat 

periods in the groups theyre^2wehave seen, in separate 

different in properties. They are pla . nickel are placed 

sub-groups, and three of them, iron ; h clearly too closely 

in a group by themselves (Group VIII) as theyre ci^V ^ ^ 

sajf Jtejssrts s?«. 

transition ofcmonts to, <h« 

moment, for we then have the sequence 

K, Ca, Ga Ge, As, Se. Br, Kr 

which closely resembles the previous short period. which is 
Na Mg Al, Si, P. S, Cl, A. 

A similar phenomenon is to be fou ,^ 
in the third long period a new feature ^ whkh 

of fourteen elements known as elements and the transition 

interposed, as it were between the W.caUleme^^^ ^ 

elements. They C0 " stltUt , responsible for the expansion of this 
very simUar properties, and are responsive 

period from 18 to 32 elements. periods, transition elements 

These relationships between t g P • (orm o( the Periodic lable 
and rare earths are well br °“G h . ha$izes a [ S o the relationship, and 
shown in Table IX (page 1-0). P (h tvp j ca l and transitional 

yet the individuality, of the sub-groups tnc iyp 

elements. , relcre nce to the table on page 

In four instances, as departs from that of the atomic 

118, the order assigned to the clone P argon and potassium, 
weights. These are the four Pf^'Xrhlm and protoactinium. In 
cobalt and nickel, tellurium an . om j c weights, is reversed 

each case the order, as determ ned by U.c atom ^ Tablc 

so that these elements may fall into 

to which their properties rightly aw b " . M endeldeff himself, who 
This was done for the f^t three^p show that the atomic 

believed that subsequent de j that when known, the true 

weights then accepted were tnacemate, andjna ^ 

values would fall into the o • we j g hts of these elements have 

Many redeterminations of the at ^ (ajlcd fe t0 indicate that the atomic 
been made in consequence, 
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weights of these elements as usually accepted are seriously in error. 
Nevertheless, Mendeteeffs vision has been abundantly justified by 



und^rl vln^thf' SC(nC T’ CS w h* c h have shown that the real property 

theatomic u-i \u c,a?sl . ficatlon « the atomic number, to Which 

0m,C ught ls approximately proportional. Recent work has 
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also demonstrated the existence o^otopes:^ 
different mass, but identical propert.es 

Chapter 9). nhvsical and chemical properties of the 

Most of the well-defined physical an ]c y _ atomlc volume. 

elements are periodic— v-alency^ sp ducti | itv , compressibility, co- 
melting point, hardness, malleability. latcnt heat of fusion, 

efficient of expansion, thermal “" d " c "^ ica , conductivity, mag- 
refraction equivalents for light. ,i'.. dues of these properties and 
£*?»«.?«*• «'h.n the "5SS, „„ squared paper. . 

the atomic weights of the e men!* «* » s 

curve is obtained wmen is thc curve s 


irve is obtained which' s the curve showing the relation- 

This is particularly well lllustrat . weight, to which attention 
hp between atomic volume an «‘ The atomic volume is the 

as first drawn by Lothar Meyer (l *g- 



-in BWrrrs-is » « * 85 30 55 

" ’ ” rirvlmesaiiaA.onucNnin^ 

Fio. 8.1. —Relation betwee • element by its 

quotient obtained by tbe atomic v,dnn««ol 

Risusafft? srs 

few**: 

fhmuSTcaclin. 

creases through niagne .... r 


uuuuui cui * — * . 

creases through magnesi rhodium etc. 

t0 T P Kem m ents boron, aluminiumoccupy the 
occupy the troughs [£*££&* with the fact that these element 
crests of thc curve, tnu 
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have the largest atomic volumes, or the largest spaces between the 
atoms. Presumably, the spaces between the atoms of these solid 
elements are relatively large compared with the size of the atoms 
themselves. This is often taken to mean that the constituent particles 
of these elements approximate more nearly to the condition of the 
particles of a gas than other elements with small atomic volumes. 
According to D. I. Mendeteeff, the chemical activity of the alkali 
metals is due to this circumstance; and this assumption is in agreement 
with the observed increase in the chemical activity of these elements in 
passing from lithium to caesium. 


§ 4 The Gaps in Mendel^eff's Tables 

Both Meyer and Mendeldeff considered it necessary to leave gaps in 
their tables for undiscovered elements, and more particularly in order 
t°k e ep certa in related elements in the same vertical column. Men- 
eleeff boldly prophesied that the missing elements would be dis¬ 
covered later and in some cases even predicted their properties in 
considerable detail. For instance, when Mendeldeff announced the 
law, there were two blank spaces in group HI—the missing elements 
vere called eka-aluminium and eka-boron respectively; and another 
space below titanium in group IV—the missing element in this case 
was called eka-silicon. The hypothetical character of these elements 
< s considered to be an inherent weakness of the law, but the weak- 

!iihc WaS t° strength when gallium, scandium, and germanium 

subsequent y appeared duly clothed with those very properties which 

a rtt C ir‘ y r v th audacious prognosricHs. 

o “ ^ attention, and served to strengthen the faith 

the c^e of fundamental truth of the periodic law. In illustration. 
Table X f k 1C0n and germanium is quoted side by side in 

The confirmations of Mendeleeff's predictions of the properties of 
strikiig m,n,Um (6 m) 3,1(1 0f eka -boron (scandium) were equally 


§ 5 The Applications of the Periodic Law 

rr" *= 

weights of element-* nnt f„n • the e stimation of the atomic 

properties of hitherto unk,.owJTefcmlnl?' ! and f 'J e .[^ dlctlon o{ the 
atomic weights. ,lcnis . and (4) 1 he correction of 

doubtedly superSr^to i°U tlr e ! e , ments * [ Periodic system is un- 
law makesTSble to bSld “n °i classi ^atio n , for the 

completeness free from mnr} ? f s -Y stem °f the greatest possible 

circumstantial evidence of the corr'ecTne^^f ^ furnishes s . tron § 

int>s of the reasoning employed 
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by Cannizzaro (page 8»,» «uc. vaina, .o, «. *»* ***“ »' ,h ' 
elements. ^ _ 

Observed Properties of 

_ v__ comparison of Predicted and Obser 

Table X.—Comparisu GerMAN ium _ 


F Ua-silicon, Es (predicted in 187lj _ 

Atomic weight, 72. 

Specific gravity. 5-5. 

Atomic volume, 13. . 

Element will be dirty grey and^on ca^ 
cination will give a white powder 01 

Element will decompose steam with 

A "r. have a Slight act,on, alkalis 
no pronounced action. 

The action ol sodium on EsO t 
EsK t F, will give the element. 

^ C o?th P e g oxide will be U-SS marUd 

than TiO, and SnO t . nut U* 

than SiO,. i.vdroxide 

Eka-silicon will term *J'$™ onS 

wm bl readi»y C dccompose ‘orin.ng 

The chlorichf EsCI, will be * jj^^nd^a 
a boiling point under IW> a "“ 

The* fluoride EsF ^ will not be gaseous 

Eka-silicon will lorm a 
compound Es(CaH s > 4 
and with a sp.gr of 0-90. 


r^maniu m. Ge (discovered in 1886j_ 

Atomic weight. |2 6. 

Specific gravity, 5-47. 

•SSBefrart* 

The eVement does not decompose water. 

The cement ,s not 

aQU 0 a r 're“.a Solutions oi KOH have 
nQ U3 action, but ttw element .s 
oxidized '•ylusedKOHj jon 

Gc rc:"h - »* c * K « F - 

with sodiunv re)ractory an d has 
“a s°p X gr C 4-703. The basicity is very 
feeble 

i Acids do not r. : -pda.c^he o hydrau. 

,r ° m d n t Mitrated solutions, acids 
from conw itriiM ^ inct ahydrate. 

precipitate Oc 7. GeC1 bo ils at 

Germanium chlor ue 

HO", and has a sp gr. 15 • 1 

t- \: O is a white solid 

The lluonde Gel 

mass. r lC ii * which 

' **** 

\ ^.tfshehtl y less than water. 


-- 7 • k*c nf the elements. On account 

MmeiL^uncertain grounds s tcm to ‘ h ^ alte J a g" ^6* 

The application of the 1 cri ' - bctn mentioned ( cha P‘® ' 

atomic weight of indium has a ”^“ y . en ma de analogously, lhus 
page 94^Other similar changes have been i^ a( onc tim e did 

supposed atomic weights to 
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subsequently justified by vapour density determinations of the volatile 
chlorides, or by specific heat determinations. 

3. The prediction of the properties of hitherto undiscovered elements. 
Some instances of Mendeldeffs predictions of the properties of undis¬ 
covered elements, and the subsequent verifications of these predictions, 
have been given above. 

In order to avoid introducing new names when speaking of unknown 
elements, Mendeleeff designated them by prefixing a Sanscrit numeral 
—eka (one), dwi (two), tri (three), etc.—to the names of the next 
lower analogous elements of the odd or even numbered series of the 
same group. 

In addition to the prediction of germanium, gallium, and scandium 
already discussed, Mendeleeff foretold the possible discovery of eka- 
and dwi-caesium; eka-niobium—En = 146; of eka-tantalum— 
Et = 235; of dwi-tellurium—Dt = 212; and of the analogues of 
manganese: eka-manganese—Em = 100; and tri-manganese—Tm 
= 190. 

The case of the so-called inert gases is of more recent date. The 
discovery of argon and helium could not have been predicted from 
Mendeleeft's Periodic Law, but after these elements had been dis¬ 
covered, and accommodated in the periodic table between the strongly 
arid halogen family and the strongly basic alkali metals, the probable 
existence of other similar inert gases was indicated. When an exhaus¬ 
tive search was made, krypton, neon, and xenon were discovered with 
properties and atomic weights which could have been predicted from 
the arrangement made for argon and helium in Mcndeleeff's table. 

The correction of the values of atomic weights. If the atomic 
weight of an dement does not fit with the regular course of, sav, the 
atomic volume curve. Fig. 8.1, the atomic weight is probably in 
error. 1 Inis, the atomic weights of platinum, iridium, and osmium 
at that time were probably too high, and subsequent determinations 
verified tln> inference, lhus the atomic weights of these elements 


In 1870 
In 1910 


1 latinum 
190-7 
195-23 


iridium 

196-7 

193-1 


Osmium 
198-0 
190-2 


•n^ . llnr , '| np c . onvct atom,c "’ e >ghts such as those of iodine 

“ h ‘\' v be f w so successful as mentioned above, and as 

ndicat.-d'• he t ! U ' Xt cha ! )ter > the most recent investigations have 

is not 'V h ‘ S ""’’T ‘ I'' “I’l'hcabiiity of the Periodic Law 

is not quite so wide as was thought by .Mendeleeff. 


The 


$ 5 Some Defects in the Periodic Law 

allocation of hvdroecu in ilm t-ihi,. i,.*o • . , 

i_ r mc aL>!l "as given rise to much 


»• . .. v ui 'V“ m » lie »aoie has g ven r so to mucl 

discussion, because that element kerned h Jjh / 10 . cr 

It is univalont tmi , n u to be 'vithout companions, 

it univalent, and thus appears to fall either with the alkali metals 


(D. I. Mendeleeff), or wlt |' thc im . t als. but it is certainly not 

hydrogen is electropositive like t i bg tlisp i ace d by the halogens 

now considered to be a metal. • h drjdcs w ith the metals not at 
from organic compounds, an hydrogen appears to be a rogue 

all unlike the halogen salts. W**- Scheme. 

element quite out of place inthe g e « ' anocation 0 f the rare earths. 

There has been a difTieutty m ^ according to their atomic 
Some of them are distributed i: 88 .<))_ an d others are relegated 

weights-Sc (21). 4510 ; and \ M # ial study of the 
to a class by themselves B. »«««" shouJ d be grouped together, 
rare earths, and he considered that tM c astcroid theory of the 
like the asteroids of the I>lanW system earths> with the excep- 

e trsjsra ~ s “ ,h 

T&SS*— v *■— 

existence of two elements a 1 V ^ Hence the difficulty w 

same atomic weights should In wp *» enjum ;llK , rhodium, etc The 
elements like cobalt and mckl ; , d ncver have been suspected from 

peculiarities of these elements would 

the Periodic Law. , . in ti ic table according to tneir 

Some elements are allocate P crtics . For instance, copper.- 

atomic weights in opposition to the p i 0 | ka li metals, lhe tn- 
silver and gold fall into one gro fwrm able with the valency of 
valency of gold appears to b« position the series 1 tU«. 

its companions, although ,n J Thallium is very like lea ,u 

Ann HfrCl and T1C1 is suggest - t .i;t»'t»ri*nt from lead baits, 

its sulphate and some- other salts ^*‘‘^ cfnical ly similar are separated 
Some elements which appear to b . s j\ V er and thallium. 

in the table, l-or example, cop^r ^ of thest : elements in the table 

barium and lead. etc. K * 8(d l it might be argue ‘ 
gives no hint of these characters. - ^ Thus the physical P ro F 

elements exhibit many essen ia properties of tlie aii’rH . 

ties of mercury and copperand the 1^ colll rasts. lhe stability 

mercuric chlorides and sii p ■■ • a |so very dilfcren • * 

of cunrous and mercurous chlorides - t cons titution. 1 he un 

barium peroxides appear to iav L c „ rre sponds with * ^ t 

stable thallium sesquiox'dc 11M- ^ thcrc are many important 

more stablc-se^uioXK e^s n ^ g P m ^ thc alkali metals. 

points of resemblance betwe. 

between silver and lead. thought to be solved or a , t , )e 

All these difficulties are n £ cons jdcred m the S h ‘ 

ol minor importance: when th->. ^ ^ at0Itlt now to be 
electronic theory of the* s 
(Chapter 9). 
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CHAPTER 9 


THE CONSTITUTION OF MATTER 

The electron has conquered physics, and many worship the new idol rather 
blindly.—H. Poincar£ (1907). 

Even if we resolve all matter into one kind, that kind will need explaining, and 
so on for ever and ever deeper and deeper into the pit at whose bottom truth lies, 
without ever reaching it. for the pit is bottomless.—O. Heaviside. 

§ 1 General 

From the earliest times men have hankered alter some simplifying generalization 
which would co-ordinate the multitudinous variety of material substances by 
ascribing to them a common origin, or by building them up from some single 
form of matter or potential matter. 

This tendency was marked among the earlier Greek philosophers and the 
suggestion arose of a prima materia (" potential matter ") which was supposed 
to consist of parts which, when grouped in different ways, produced the various 
kinds of matter considered by them to be elemental. This hypothesis is some¬ 
times called the unitary theory of matter: all the different forms of matter 
in the universe are derived from one and the same primordial element. 

Many suggestions have been made as to the nature of this primal element; at 
various times air, fire, earth, and water were so suggested. A more modem 
suggestion of this kind, which commanded considerable attention, was due to 

r °!£J 181 ? and ,s known as Prout ’ s hypothesis. This states that the elements 
are different aggregates of the atoms of primordial hydrogen; that is. the different 
elements are polymers of hydrogen; in consequence, within the limits of 

VSSSS'l er T or 1 thc ? tomic "eights of the different elements should be 
expressible by whole numbers when the atomic weight of hydrogen is unity. 

to Prout-rh^Hattracted by its apparent simplicity, gave unqualified support 
Sd&n : V\ , 1 m P ar l t,al review of the facts, with very much more 

'IhawmH wero available in Front's day. led J. S. Stas (1860-5) to state: 

is Dossible Tr ? » hc ; lbsolutc con r ,ct,on ' th c complete certainty, so far as 
law ofSoutT, Lh™'! *? ,ng *° altain to cer tainty in such matters, that the 
by experience " ” ^ >U an , us,on - a mere speculation definitely contradicted 

AHhough Prout s hypothesis in its original iorm did not survive the test ot an 
impartial examination in the light of experimentally determined (acts the 

pronouncement* 5 hv*Stas' *.«“*«•* -°n alter the pubh«tio„ of thfs 
presented bv the rirr ta *' scr ' c< * t0 Jirect mens minds afresh to the problem 
element nheht we I CC ‘ hat thc c carl > demonstrated relationship among 

Other well know! “ “'"T" °"S'n. " r co 'nmon basis, (or them ill. 
trie... fac J s I’" 111 '"! in the same direction. Thus although it is 

matclywhole'mimbors 'i'vT V a '° “* 0mic wc, 8 l,ts "'>>ch not even approxi- 
chance a e e t, '*” I" 11 '" them, too many to Ik- the result of 

sbrHHSa -F : 'r a: 

results of the 1 investigation ln 1 ! e K rou Pjng of spectral lines, the 

and the study of radio-activity. * * ° f elcctr,c,t y through rarefied gases 
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5 i. L.IVV-1* »»> -O 

Under ordinary conditions gases a " “"^'ricity to pass through 

they are classed as good insulators. In °'der ge e a pp r0 aching 30.000 volts per 
air at ordinary atmosphere P ress “ r *!’ t L a °, j s S dimiimhcd the voltage required 
cm. is required ; but as the pressure of the sarnc proportion, 

to produce a discharge diminishes iniElectricity through gases are earned out in 
Experiments on the conduction o ^tnaty £ 8^ wires (or electrodes) 

suitable glass tubes, into the ends of which a ntia , di fl cren cc such as an 

which can be connected to a source of S' P suitab le means (air pump, 
induction coil. The pressure m exhaustion required. 

mercury pump, etc.) according to the degree the form of a blue glow 

At low pressures (0 03 mm.) the msenarge course perpendicular to 

proceeding from the cathode (or negatee ^lec ^ of the anode. \Vhta . * 

the cathode, and independent tl J, e Q duced. These " rays. P roCC ^‘^ 
strikes the glass a green fluorescence » ! Goldste in in 1870. but previously 

from the cathode, were named catho y ^ det ] cc tcd from theircourbeb) 
Pllicker (1858) had observed that charged. Also. W. Hittorf (IM*) 
magnet showing that they a re ^« C * i tese cr0S s made of mica—be placed 
found that if a solid body-say ^ ^ glass; the shape of the 

the anode and cathode a true s*»a *f itra ight lines norm ? l J°* he . Z Placed 

cross shows that the cathode ray defined shadow t j “ s° lld °^ (C . £ bv 

the cathode ; and they will cast a veil**% ube , A wheel also, as was shown.by 
between the cathode and the wall ° ‘ eva ‘“ b Rowing the cathode rays to strike 
Crookes in 1879. may be causedtorotateby * hospho resce -henacted 

against its vanes, and a number of ^mcrais g concave cathode the rag. 

upon by these cathode rays ^^ubsta^e such as a metal can be raised to 

incandescenoe.^or'even'melted. rays are being produced ‘s 

If the exhaustion b‘ th '^l"" c ^-s altogether and the current from the 

induction*c*d***'®^°*io* l ^ r< *^J C n *^ighW 'cvaeuateJMs'non'eohd^^S 

able to show that they are negative!) c cylin der ms.de the tube and. 

that the cathode stream passcU mto ^ |jndcr with an external elecM sc p 

ssws s y igssfst 

now used for the sub-atornic pa*^ . an attenuated ^ 1 ° , an difference 

when a discharge is P** ,n S ivc d from different ga**. " J SO urce they are 
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• of a stream of electrons by magnetic and by electric fields, was able to determine 
! the ratio of the charge to the mass (usually represented by elm) and found it to be 
1*2 x 10 7 electromagnetic units per gram. Later more accurate determinations 
have led to the value 1*758 x 10 7 e.m.u. pergm. This value was subsequently found 
to be substantially constant irrespective of the source of the electron, provided 
that its speed (which can vary over a very wide range, an average value being 
20,000 miles per sec.) did not approach that of light when the " mass *' of the 
electron increases with its velocity. 

This value for the ratio ejm is about 1,836 times that of a hydrogen ion in 
electrolysis (see Chapter 12), from which it follows cither (i) that the mass of the 
electron is r«V«th of that of the hydrogen atom, but carries the same charge as a 
hydrogen ion, or (ii) the masses are the same while the charge on the electron is 
1,830 times that of a hydrogen ion Experiment has decided in favour of the 
former alternative. 

These results led naturally to the hypothesis that the constitution of matter is 
electronic in nature; that is, that the atom has a structure involving, inter alia, 
electrons. 


§ 3 X-rays or Rontgen Rays 

When the exhaustion of a vacuum tube is such that the tube is on the verge 
of becoming electrically non-conducting, and the glass opposite the cathode is 
brilliantly fluorescent, rays proceed from the fluorescent glass, outside the tube ; 
these rays—called X-rays or Rontgen rays—have quite different properties 
from the cathode or Lenard rays, because they will pass through glass, and they 
are not deflected by a magnet. 

Rontgen rays arc produced by the destruction of the cathode rays and are 
formed when the cathode rays impinge on solid objects. Every substance when 
bombarded by electrons emits Rontgen rays—the glass walls of a vacuum 
tube, heavy metals like platinum or uranium, etc. These so-called X-rays are 
capable of penetrating freely through paper, wood, aluminium and flesh, but 
are absorbed by lead, platinum or bone. They can excite fluorescence on a 
paper screen coated with barium platinocyanidc. HaPt(CN)«. or calcium tung- 
state Ca\V(),; they can fog a photographic plate; and make the air through 
winch they pass a conductor of electricity, and have a remarkable power of 
penetrating substances opaque to ordinary light. Their penetrating power varies 
according to the degree of exhaustion of the tube from which they are being 
produced. Ihus Rdnrgeo radiations with a low penetrative power, called soft 
rays, are emitted from a vacuum tube which has too much residual air. The 
supp \ o electrons is then plentiful; their speed is comparatively slow; and a 
current of comparatively low electromotive force is needed. Conversely, radia- 
f . \ a ‘ penetrative power, called hard rays, are emitted if the tube be 
riL V 8 y cxliaust ed. lhe supply of electrons is then relatively small; their 
speed is comparatively high; and the necessary electromotive force is high. 

ihnvo m „/!! Uk ' en , ra u c . ons,s ; of electromagnetic waves in the aether similar to 
t , w ‘ l, *J ary ‘‘ sIh !; but , ot vc [y ,nuch smaller wave-length, and may perhaps 
lugMto “; hcrsp,ash " Whkh “ "•“-=* stream ofMectroL 

\ . l *i,° r ^eir discovery it was not possible to detect, in the case of 

1 * c laractcristic property of a wave motion, in that it was not 
htf r o , aCLO “ nt of lhc,r ^trcmely small wave-length, to obtain evidence of 
Friilrich^I nm noJ h V' aS at Un ? th accomplished by Laue, and by 
on passafic throu x h acrylui ‘ ’ 0 ” th ° y Sh ° We<1 * hat X - ra V s sufler dlflractl0n 

studv Td tlu* ::Vd C :V >taU ? 8rai,1 r S lia<1 co,ne to the conclusion, from the 
c^lbtuLu n^ir ZT"™ , crystals themselves, that in a crystal the 
although thev had nor * ;irrai,S ° < i P° ints ol different lattice structures, 

■at.r«t'n« y ° f thu »>"«*■-•* occu Py* n 8 the 

On the basis of this conception, it is possible to calculate lrom a knowledge 
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significance of this fundamental property and its relationship to the atomic 
number have been considerably elucidated from the study of the phenomena of 
radio-activity, which has furnished further striking confirmation of the view 
(resulting from the discovery of the electron) that the atom is complex. 

§ 4 Radio-activity 

This large subject cannot be completely discussed here and a fuller treatment 
will be found in Chapter 36. But the following brief account will serve to explain 
the contribution its study has made to our knowledge of the structure of the atom. 


Discovery of Radium 

In 1896 Becquerel found that some substances, notably uranium minerals, and 
uranium salts in general, give out rays which are capable of affecting a photo¬ 
graphic plate, even when the plate is protected with a layer of black paper. 
Thorium compounds were shown shortly afterwards to possess similar properties, 
and such substances have been termed radio-active from their property of 
emitting these radiations. 

The examination of a number of uranium minerals by Madame Curie indicated 
that some of these minerals gave radiations of greater intensity than the purified 
uranium which they contained, and she was thus led to suspect the presence of 
a radio-active substance of much greater activity than uranium itself. Upon 
investigation she was able to isolate a salt of a new element, of a very much more 
active character than uranium, to which the name radium was given. 


The Nature of the Radiations 

Radio-active substances were found in general to be detectable in three ways, 
viz.: 

(i) by the action on a photographic plate; 

(ii) by the phosphorescence produced from certain minerals such as zinc 
blende; 

(iii) by making the air in their neighbourhood capable ol conducting electricity 
(thus causing, for example, the discharge of an electroscope). 

Careful investigation shows that the rays emitted are of three kinds, which 
are known as x-rays. £-rays and v-rays. By examining their behaviour when 
acted upon by powerful magnetic fields and when sheets of metal foil arc inter¬ 
posed in their path, the nature of these rays has been shown to be as follows: 

(i) a-rays. 1 hese consist of positively charged particles, which are easily 
absorbed by thin slu\ts of metal foil and have a limited range in air. 

(ii) e-rays. 1 best* are negatively charged particles, identical with the electron, 
emitted with a speed comparable with that of light, and able to penetrate thin 
sheets of aluminium. 

(iii) Y'f* 1 )’** 1 hese are uttallc' ted by magnetic fields and consist of X-rays of 

very short wave-length. I hey are capable of penetrating a layer of lead several 
centimetres in thickness 


1 he x-rays. «-p »i tio!«v-. have further been found to have a mass of 4 units 
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It is thus seen that, in general, a-particlcs travel in straight lines without 
suffering any deflection, but that occasionally an a-particle is deflected through 
a very large angle, and at the same time a small spur can be seen, as of something 
moving in the other direction. It is clear that as a rule an a-particle must pass 
a great many gas molecules without there being any effect on its own track, but 
that on occasion it is deflected by collision with an atom of gas, the gas atom 
itself being caused to recoil with considerable velocity. It follows accordingly 
that the effective mass of the atoms of the gas must be concentrated in a nucleus 
which is extremely minute, even in comparison with the atom itself as a whole. 
Further, it is evident that this nucleus carries a large positive charge, since the 
a-particle itself is positively charged. 

Rutherford was thus led to suggest that the atom consists of an extremely 
minute nucleus carrying a positive charge, surrounded by electrons, which are 
perhaps revolving in orbits round this nucleus and which are equal in number 
to the nuclear positive charge, thus making the atom as a whole electrically 
neutral. The mass of these electrons being extremely small, virtually the whole 
mass of the atom is considered to be concentrated in the nucleus. 

As a result of his work on the X-ray spectra of the elements, Moseley (see 
page 129) suggested that the atomic number, which clearly represents something 
fundamental in the atom, is in fact equal to the net positive charge on the 
nucleus. This was confirmed by Chadwick in 1920 by calculations based upon 
measurements of the scattering of a-particlcs passing through thin sheets 
of metal. He thus obtained values 29-3, 40-3 and 77-4 for the nuclear charge of 
platinum, silver and copper, which are in good agreement with the values for 
their atomic numbers as found from their position in the Periodic Table and from 
Moseley’s experiments, viz., 29, 47 and 78. 

The atomic number is usually about half the atomic weight. Now hydrogen 
is the lightest atom known and hence has the lightest nucleus, and it is evident, 
since only one electron can be removed from the hydrogen atom (for hydrogen 
can only " take up ” one positive charge), that the hydrogen nucleus of mass 1 
carries also a positive charge of one unit. This is known as a proton. The nuclei 
of the other elements, if they consisted only of these positively charged units, 
would have weights appioximately equal to their atomic numbers, whereas in 
fact tin ir weights are roughly twice the atomic numbers. The difference is 
accounted lor by supposing that the nuclei of the later elements contain electri¬ 
cally neutral particles called neutrons each of the same weight as a proton, and 
equal in number to the difference between the weight and atomic numbers of 
the nuclei concerned.' l*ree neutrons are emitted when some light elements 
(c.g., beryllium) are bombarded with a-ravs. 

Rutherford s conception of the atom is the basis of present-day views of atomic 
structure; but modifications have been introduced by Bohr, Schrddinger and 
others, so far as concerns tin* motions of the orbital electrons, in order to account 
for the observed phenomena of radiation as revealed in the spectra of the elements; 
and for the tact that electrons in motion are now Inuud to behave as if they’ were 
associated with characteristic waves (see * 9 and $ 14). With these modifications 
this theoi\ is able to correlate many* observed phenomena in a very* satisfactory 
way. 


* 6 Thc Position ot the Radio-Elements in the Periodic Table. Isotopes 
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These facts are readily explained by the modern theory of the atom, for as we 
have seen the chemical properties of an element and its position in the Periodic 
Table are determined by the net positive charge on the nucleus. It is evident 
that the expulsion of an a-particle (a charged atom of helium) will reduce the 
weight of an atom by four units and the positive charge on the nucleus by two 
units. Similarly, the loss of an electron (which must, in a radio-active change, 
be produced from the nucleus) will increase the nuclear charge by one unit 
without appreciable change in weight. 

The discovery of isotopes among the radio-elements, along with the develop¬ 
ment of the theory of atomic structure which so successfully accounted for 
them, directed attention to the possibility of the existence of isotopes of the 
common elements. A very careful series of experiments by Richards (1914) 
on the atomic weight of lead derived from various sources showed that variations 
in this value undoubtedly exist; a conclusion which has been confirmed by 
several later workers. Values as low as 205-927 and as high as 207-9 have been 
recorded for lead from radio-active minerals; the value for common lead from 
galena being 207-21. 

In the case of the radio-elements, the detection of isotopes is a relatively simple 
matter, since it depends upon radio-active data: no such method is available for 
the common elements The only satisfactory criterion, a method of comparing 
the masses of individual atoms, was, however, in process of development at the 
time when the possibility of the existence of these isotopes was being discussed. 
This was J. J. Thomson's parabola method of positive ray analysis. This has 
been developed by Aston, and by Dempster and Bainbridge, into a very accurate 
method tor the investigation of atomic masses. It depends primarily' upon the 
observation of Goldstein (1886), who noticed that when a perforated cathode is 
employed in the vacuum tube used for producing cathode rays, luminous rays 
pass backwards through these perforations. These rays he called canal rays, and 
it was later shown that they consist of positively charged particles of atomic size. 
Hence they are now usually known as positive rays. 

The method consists essentially in subjecting the stream ol positively charged 
particles to the combined action ot transverse electric and magnetic fields whereby 
the particles are made to follow parabolic courses, the size and shape of the 
parabola followed depending upon the mass of the particles concerned. These 
parabolas are focused on a photographic plate and from the position of the 
trace so made the mass of the atoms concerned can be calculated Measurements 
ol optical spectra t an also be applied to the detection of isotopes 

J. | Thomson's original experiments with apparatus of this kind were made 
before disc >\ eric# til the held ol radio-activity had revealed the existence of 
isotopes, bill he c»ad made observations which could not be adequately explained 
until that later discovery clean d up the matter. In particular, Thomson had 
noticed, when investigating positive rays from neon, that there was evidence of 
a particle lor which the ratio of the mass to the charge was 22. The suggestion 
that this was caused by... . - 


that this was caused by particles ol carbon dioxide from the stop-cock grease 
carrying two charges, was disproved by cooling the gas with liquid air, which 
removed thelO. pariit le with a single charge (44), but left the line at 22 unaffected. 

Alter the existence of isotopes among the radio-elements had been discovered, 
and had from d th-reiit sources had been shown to have different atomic weights, 
the suggestion was made that 1 horn soil's results were owing to the presence of a 
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Table XI. —Table of Isotopes 


Atomic 

Number 

Element 

Atomic 

Weight 

Isotopes (in order of 
abundance) 

1 

Hydrogen 

1008 

1. 2. (3) 

2 

Helium 

4 003 

4. (3) 

3 

Lithium 

6040 

7. 6 

4 

Beryllium 

0013 

9 

5 

Boron 

10*82 

11. 10 

6 

Carbon 

12*010 

| 12. 13 

7 

Nitrogen 

I400S 

14. 15 

8 

Oxygen 

160000 

16. 18. 17 

0 

Fluorine 

10-00 

19 

10 

Neon 

20*183 

20. 22. 21 

n 

Sodium 

22 007 

23 

12 

Magnesium 

24*32 

24. 25. 26 

13 

Aluminium 

26 07 

27 

14 

Silicon 

28*00 

28. 29. 30 

15 

Phosphorus 

30*98 

31 

16 

Sulphur 

32 066 

32. 34. 33. 36 

17 

Chlorine 

35*457 

35. 37 

18 

Argon 

39*941 

40. 36. 38 

10 

Potassium 

39*006 

39. 41. 40 

20 

Calcium 

40*08 

40. 44. 42. 48. 43. 46 

21 

Scandium 

45*10 

45 

22 

Titanium 

47*90 

48. 46. 47. 40. 50 

23 

Vanadium 

50*96 

51 

24 

Chromium 

52*01 

52, 53. 50 54 

25 

Manganese 

54 93 

55 

26 

1 rou 

55*85 

56. 54. 57 58 

27 

Cobalt 

58*94 

59. 57 

28 

NTc kcl 

58*09 

58. 60. 62, (61). 64 

20 

C upper 

63 51 

63. 65 

30 

Ziw 

05*38 

64 66 68. 67 70 

31 

(■allium 

60-72 

60 71 

32 

(lei mamum 

72-Ol» 

74 72. 70. 73. 76 

33 

Arsenic 

74 91 

75 

34 

Selenium 

7v9l» 

Mi. 7,s 76 82 77. 74 

35 

Bromine 

To 9ln 

70 M 

36 

! KtN plOll 

K*.l>i(iiu:n 

s3 7 

St. so 82 S3. SO. 78 

J i 

s5 | s 

85. S7 * 

3 s 

Mimun.iii 

n7»>3 

"8 so >7 SI 

30 

S it: iu«!i 

*i-* 

V.l . •’ • 

40 

/.ii ;>nit‘i:i 

t'l 22 

'.Ml, 02 94. 01. 06 

03 

41 

:uui 

• Co umb. 'im 

92-01 

••2 

t:i 

1 • 6 iiti m 

M.* u.n.jn 

05- 'J. > 

0s. 00. 05. 02. 04. 07. 100 

i-i 

Bi.ti. 

101*7 

102, lol. 104 . 100. 90, 96. (08) 

'»•> 

[ i ..:ii 

102-01 

103, IM 


. >. j *• . . v. 

100*7 

104. 1 "5, 106. 108. HO. 102 



I <•, *Smi 

\ 07. ) lift 

.5* 

: 

112-11 

in. ii2 no in. ii3. no. loo. 

40 

Indium 


MS 

115 II3 

tO 

Tin 

1 • 

1 18*70 

120. NS 116. 110, 117. 124, 122 
112. 114. 115 
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Table XL— Table of Isotopes —continued 


Atomic 

Number 


Element 


51 Antimony 

52 Tellurium 


Atomic 

Weight 


121*70 
127 01 


Isotopes (in order of 
abundance) 


121. 123 

130. 128. 120. 125. 124. 122. 123. 
120 


53 

Iodine 

54 

Xenon 

55 

Caesium 

56 

Barium 

57 

Lanthanum 

58 

Cerium 

59 

Praseodymium 

60 

Neodymium 

61 

Illinium 

62 

Samarium 

63 

Europium 

64 

Gadolinium 

65 

Terbium 

66 

Dysprosium 

67 

Holmium 

68 

Erbium 

69 

Thulium 

70 

Ytterbium 

71 

Lutecium 

72 

Hafnium 

73 

Tantalum 

74 

Tungsten 

75 

Rhenium 

76 

Osmium 

77 

Iridium 

78 

Platinum 

79 

Gold 

80 

Mercury 

81 

Thallium 

82 

1 x?ad 

83 

Bismuth 

84 

Polonium 

85 

— 

86 

Radon (Niton) 

87 

— 

88 

Radium 

89 

Actinium 

90 

Thorium 

91 

Protoactinium 

92 

Uranium 




126*92 

131 3 

132 91 
137*36 
138 92 
140*13 
140*92 
144*27 


127 

129. 132. 131. 134. 130. 130. 

126. 124 
133 

138. 137. 130. 135. 134. 130. 
139 

140. 142. 130, 138 
141 

142. 144. 140 


123 . 


132 


150*43 
152*0 
150 9 
159*2 
102*46 
164*94 
107 2 
109 4 
173 04 
174*99 
176*6 
180-88 
183*92 
186*31 
190*2 
193*1 
195*23 
197*2 
200-01 
204-39 
207*21 
209*00 


152. 154. 147 149. 148, 150. 144 


153. 151 

150. 158 155, 157, 100, l.*4. 


152 


159 ... 

14»4, |02. 103. 101, l iO. I oh 

100. 108. 107. 170. 104, 102 
109 

174, 172. 173. 170. 171. 170. IbS 

175. 170 

1 stl. 178. 177. 179. I |0. I <4 
181 

| 84. I 182 lH.i. 180 
|87. I 85 

|9J |(|||. 189 188. |80. 187. 184 
193] 191 

195. 190. 194. 198. 192 

202 200. 199. 201. 198, 204. 190 
205. 203 

208. 200. 207. 2U4 
209 


222 - 


220*05 


232 12 

231*0 

238*07 


232 

231 

238 235. 234 


F* 
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Several improvements and refinements have been introduced into this apparatus 
lately whereby its accuracy and precision have been gTeatly increased, but in 
fundamentals the method remains the same. 

Dempster in America has also developed a mass spectrograph of rather different 
design in which the intensities of the spots (or lines) can be measured electrically. 
Bainbridge also has devised an apparatus which gives a linear relationship between 
the mass of the particle and the position of its line on the plate. 

As a result of this work, the great majority of the known elements have been 
found to have isotopes. Even hydrogen itself has an isotope of mass 2. Eighty-three 
of the 92 elements have now been examined; 23 are simple, consisting of atoms of 
one mass only, the remainder consisting of two or more isotopes. Table XI gives 
a list of those discovered up to the time of writing (November 1948). 

The results summarized in Table XI lead to certain remarkable and interesting 
conclusions. Thus, in view of the fact that so many elements consist of mixtures 
of two or more kinds of atoms, it is remarkable that their atomic weights, as 
determined by the ordinary chemical methods, are so constant The only 
element for which, so far. differences in atomic weight have been detected in 
different samples (with the possible exception of boron) is lead; and this we 
know from our study of radio-activity is derived from two different sources; 
even meteoric samples have atomic weights indistinguishable from those of their 
terrestrial counterparts. For the non-radio-activc elements we are forced to the 
conclusion either that since they were formed they have been so thoroughly 
mixed that the proportions of the various isotopes present has settled down to a 
fixed ratio which nothing has since succeeded in disturbing, or else that when 
they were first produced the process producing them did so in fixed proportions. 

Another interesting conclusion to be drawn from the above table is that 
Prout’s hypothesis is in a very real sense a true one. although not quite perhaps 
m the sense that he understood it. It is now clear that the masses of the indivi¬ 
dual atoms are whole numbers (though loi a reason shortly to be discussed—§ 8— 
not exact multiples ol that ol a hydrogen atom), and they are built up of units of 
winch the hydrogen nucleus is the chief 

It is curious to note that no odd-numbered element, witfi the possible exception 
of potassium and ol the supposed isotope of hydrogen of mass 3. has more than two 
isotopes; whereas the even elements frequently have a great many. The most 
complex element from this point of view, so far as present information goes, is 
tin, with ten isotopes, ranging from 112 to 124 Another remarkable fact which 
emerges is that a stable elementary atom is now known lor almost every mass- 
number up to 210; some places are Idled twice over, and a few three times, ivith 
isohares iatotn* of the same weight but different chemical properties) 

n t> Mass-Spectra and Atomic Weights 

O- s< 't after Aston had begun the -»tarch lor isotopes ol the non-radio- 
actb l-r. a ! it *• i b« t a me clear that the atoms comprising a great many elements 
had *u . - i :• 'ble in terms of whole numbers tn terms of oxygen = 16. 
But first mass i rapl whose *’resolving power*' was 

co. •, r a \ * .t.i bv iIn side of fhe lab'si apparatus, Aston was able to show 

P r '• * i* pres, i,ted b\ ti o'.ict whole number on this scale. The 

■r u i».«l lot ;»v th;* mi deni view that mass is electrical in origin, 

ft i-'oti past »h.* iimiN iis in question was formed from 
• • on . tb \ ; •>■? cl ma and ail enormous amount of energy 

tv.• Id. . • • • 1 ‘ in • It - •» s•. ■->- .tv ording to the equation E = me 9 

.• t cn«*i.*t liberated 

• H ;i»S> . ? IIU'-SS 

•Hid ? Vvl-y I \ of light 

•■qual to ilie combined masses of 

* ■ 1 1 ''" it but something slightly less than this, 
jl .. i 1 ? wh »t..in-, i o neutrons, will thus have a mass slightly 
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. -I »u-|» oj an oxvgcn atom (disregarding 

greater than, for example, one-sixteenth ‘ vvlm h sec below) This is 

for the moment the isotopes ol oxygu -i.~u.itu-. Aston has shown that 


magnitude ol the 



tence of isotopes ol a K ,ven element, and the 

if we know the packing Ira ordmarilv prepared, we can 

e ol each isotope in the cW "' { ‘ { |S onlv ; |U i U . recently that 
f of the chemical atomic "«‘f>h .. sniiicient 


shown, to the existence of isotopes 
It is dear that 
relative abundance -- 

calculate the value of the chemical’’ ‘?r t i 1CM . <iuantitie» with sulhcieni 
it has been practicable to determine e tro duccd into the apparatus bv 

accuracy for the purpose, but the re ^ ' ^ .. ,i,i.-,i tin- to he done. and the 

Aston, 
atomic 

tion ol the latter has usually resulted in a < .«-)»rIhv that two method* so 


racy for the purpose, hut tne r on .,hlcd this to he done, and the 

n. and by Dempster and others. , U . U rnuiud bv tin- method 

nc weights ol many elements * ,< cent ed chemical value, redetermina- 

re the result differed markedly from tlK acc P^ ^ .. Vtfrv c ,.>se to the result 

tion ol the latter has usually resulted in a « - MoU .worthv that two method* so 

obtained from mass-spectrograph da a j (s so concordant, and it may he 

essentially different in principle should «i^ * n ^^t.intia' Inundation ol 

concluded that the theories underlying <•« 

truth . . . . nm ..what the importance ol atomic 

The discovery ol isotopes has rc * u * ‘ ‘ ,),at tin- atomic weight is a 

weights as physical constants, lor > ■ Mllt at ,d only when the element 

statistical mean ol the weights of the at » 1 alon i I he important con- 


particular 

unaltered .4 | a hle Nil that oxygen • onsists* «» 

In this connection the lact trc«.ordc<1 ^ <>f isotopes ol ox> gen 

irw ieitnnfs has important eolix <pi« 



to be present to the extent ol I R a J . 1 ri .|,ired n> oxygen ■'» .Vl/i 

The chemical atomic weight ol an « u , <lU -d tioin ma** trogi.ip > » • • 

dificr slightly irom the atoiim ' l | MIII ,|.u»i i*olope> as >tandard. l hi. 

alone which is referred to O ' 6 - " 'V , ' - ol 'In- two methods, m the way 

difference is allowed lor in comparing tiu 
previously dcscril>ed 

i »h.‘ Siiectra ol the Elements 

5 9 The Structure of the Atom a... ^ ^ ^ |M>slll |a,„| th. 

Rutherford's initial su K 8*stiun »*»« surri'ui'd'^i.v'.-t.v t.. .n- »'* " u "|!" n J 

existence of a central, positive mu • ||„. , |«. uu.il neuiiali \ <- ‘ j 

to the net nuclear charge. *hu* I ’ * * l'** 11 ‘ r ° ' , ,i 

(See page 132). He also assumed that l|lt . le.is l.v Hi«'ir ct * ntnf ' -‘{ 

the nucleus and thus are kept Iron, lal'mg ^ ^ ^ „ t c i.,s^ al dy 

force. The difficulty then arises tli.it. / (#||||||MI , I1H | V in the loim °* /' . 

rotating electrons would radmt« • •• - ,. v | M ing derived I"**' 1 »• 

magnetic waves (light, etc ). and '. |(>| j, lW that their speed would gia« « > 

by N. Ih>hr 

The way out of this difficulty «as »m>Kcsi 
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the principles ol the Quantum Theory to the problem. For some years previously 
it had been clear that the principles of ordinary classical dynamics were not 
applicable to the problems of radiation in general, and in order to account for 
the observed results, M. Planck put forward the Quantum Theory of Radiation. 
According to this theory the energy of vibration is not radiated or absorbed 
continuously, but is given out, or taken in, in small, discrete portions called 
quanta, whose magnitude is not. however, universally constant for all radiations, 
but is proportional to the Irequency of the particular radiation concerned, or, 
what is in reality the same thing, the frequency of the vibrating system producing 
the energy radiated. Thus where v is the frequency of vibration the magnitude 
of the quantum ol energy is given by Av where A is a universal constant known 
as Planck's constant. Energy can only be radiated from a system whose vibra¬ 
tion frequency is v in amounts which are exact, integral multiples of the quantum 
for this system, that is. exact multiples of Av. 

This theory has been very successful in accounting lor many physical pheno¬ 
mena which could not be explained on the basis of classical mechanics, and so is 
regarded as established 

In applying the quantum theory to the problem ol atomic structure Bohr 
made the following assumptions: 

(i) of all the theoretically possible orbits (possible spatially, that is) ol an 
electron rotating round the nucleus, only certain orbits are permissible—all 
others are forbidden. These orbits arc known as stationary states ; 

(ii) an electron radiates energy onh when passing from one permissible orbit 
to another ol lower energy; 

(iii) the positions of the permissible orbits are related in that an electron may 
possess 1, 2. 3 . . n quanta of energy according to which of the »i permissible 
orbits it is in The energy ol any given electron is thus given by nh ». 

An electron passing from one orbit to the next will radiate (or absorb) one 
quantum ol energy, that is. it E ,, /:, are the energies of two consecutive stationary 
states, the energy radiated has a frequency given by Zi, — E t — Av. 

Bohr achieved a remarkable success with this theory of the atom when he 
applied it to the calculation ol the spectrum of hydrogen. On classical theories, 
if radiation were emitted Ironi rotating electrons, all Irequencics should be 
represented in the spectrum, whit h should therefore be continuous. The spec¬ 
trum of a glowing vapour is in fact a line spectrum, i.e., its radiation comprises 
a limited numbei ol definite frcqueiicn-s only Assuming that hydrogen has a 
nucleus with one positive charge round which one electron rotates. Bohr was 
able to calculate the positions ol all possible lines in the hydrogen spectrum and 
his results are in exact agreement with the observed values. A similar success 
has Iwen recorded in the case* of ioni/cd helium The details ol the spectra of the 
more complicated atoms are more difficult to calculate, but the results so far 
obtained are hieh'v s. v.iilicant. 1 he converse calculation has been employed 
f »r tin* deductiot .• m observed spectra ol tie* electronic structure ol the more 


i nipU x atoms, and 
r quired by the chen 
: able A form ol the 


,; ie results show a very close correspondence with those 
ua properties as indicated, lor example, in the Periodic 
Perodit 1 .tbit which i> based on electronic considerations 


i .s l ?tn proposed l»v Pr« lessor 1 S Wheel* i (H» I7) 


5 10 The Structure o! the Atom and the Periodic Tabic 


Mi • conclusions \\t have v> tar am 
s nntr m/ed as ioPo\t' 


I at lor the structure of the atom may be 


t. Xtom.s are m,\ to up *■; « 
p.ir’n !es Known as pr**u>rs 
are e.ju.d iii magnitude, i i. 

pi* AH the i tot uis and • ' 
a nucleus m which is coin* » 
small ->i-v in • oinpar son wn* 
pip The electrons revolve 


'..ve anti n* Mtivc units of electricity and neutral 
iTx>:is am! neutrons respectively—the charges 

• "iV^-u- in sign 

•i ' t '"O't of hydrogen) the neutrons constitute 
’he aiii.a ol tin* atom, and which is of very 

be .i*.-':;i as a whole 

• i lie nucleus in orbits corresponding to I, 2, 3 
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— Elliptical Orbits oi 
t luaiituiii Number u - 4 


9 ] ‘ 

or more quanta of energy ol radiation : this figure is known as .he quantum num- 

T) If 6 in C t"s o. a given atom and N is iu .«** "umber the nuc.eus 

1 will contain N protons and IV - A neutrons 
while there will be N outer (or extra- 
nuclear) electrons. 

The orbits of the extra-nuclear electrons 
may be circular, but will in genera L 
elliptical. These elliptical orbits may have 
varying degrees oi eccentricity and tin- 
value of the eccentricity may be indicated 
by a second quantum number written as a 
subscript, e.g., 4,. 4 2 . 4 3 . 4 4 (I*ig. ••»)• 

We can now consider the problem o 
configuration of the electrons in the atoms 
of the different elements in tlu-ir sta e 
least energy, with all the electrons m then 
lowest orbits. ... on data lurnished by the* investigation 

Conclusions in this field are based pa > ^ „ulicated above for hydrogen. 

of the spectra of the elements, af e ‘ cr ties. particularly in so far as these 

partly upon consideration of the ehenm a \ I • |K | lK j c d that the electron* 

arc summarized in the Periodic Table. It has i v 0 r y (derived iron, 

are located in shells, denoted by the leturs n. ^ m . arej>t om - to the nucleus 
the notation of X-ray spectra), the v * , £ Joiir quantum numbers, repie 

The condition of each electron » 1 cl,a .fJ c V l “ • lhc principal quantum nuniU-i 
sented by h. /. m and s respectively I he u.y ^ >|k . u o |or the / shell, 

and defines the shell concerned. Ibus■ « determines the eccentricity ol the 

and so on. The second quantum .... mU; nolalloll as m F««. 

orbit and corresponds to the subs I «, ual itum number, ami the lour ». • 

third quantum number, m. is tIn* mai. va j lu . s „f J. deduced lrc»m invest iga l ‘ ; * 
the spin quantum number. Jhc d. « /when the\ stand for the correspo h 
of spectra, are often denoted by »./>• ‘ dith.se and' hiinlanu nt.il series 
spectral sines, viz., the sharp, principal, cl.IIuj • ^, ar<1 , s , ia<l t o Pauli's Exclusion 
In assigning a configuration to^n> t om . atom can have all four q^ntum 

Principle which states that no two e - | t j |t . maximum imiiiber '<h'“ 

numbers identical. On the basis of this principle 

in each shell can be determined outermost electrons are those "tmi 

It is clear, on the assumption that tho in , r t gases must possess 

are concerned in ordinary chcniica P r <» lt .' ri .| as meaning that »i 1,1,11 / 

an extremely stable structure, win.\i ^ rcacll ,.<i ,t> most si a hk * ^ 
outermost group of electrons is co l und a reappearance o s * 

Furthermore, the Periodic Table i.uhcates h t respectively 

properties after passing 2. *. *. Catunw .hat the dil.er.mt keels arc 

must be reflected in the way in *b*c» 

filled up. as we pass from atom to a , ami iron, chemic al evidcnec arc 

The conclusions derived both fro 1 • tQ av0J .n structures to a !»"•* ‘ . |n 

in good agreement, and have eiia ' 1 he se conclusions are ein *«• 

elements with a high degree ol t c ' Jji R |»tlv greater detail . lo 

Table XII and may now U- consideid |hat ut . ta n pa- bo, k»> 

It is convenient for this purpo. *| ia rgc to the nucleus, a i« •• • ^ 

element, adding each time one po* ectrot, to its appmpna e |* 

the consequent additional cxtra-n.M-l.ar 

system. 

I i. r the spm quantum ,lumber and so care is neccs- 
• The symbol s ,s also used lor the s| i 
sary to avoid coidusing the two uses. 


z z^ozoacr xx\B 

t> C * “ c « 
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Table XII.—Electronic 
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II 

Sa 
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Gd 

Tb 

Ds 

Ho 

Er 

Tm 

Yb 

Lu 
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Ta 

W 

Re 

Os 

Ir 

Pi 

Au 

He 

Tl 

Pb 

Bi 

Po 

Eka-l 

Kn 


EkaCs 

Ra 

Ac 

Th 

Pa 

U 


s /> I d\s 







































144 


MODERN INORGANIC CHEMISTRY 


[Chap, 


First Period of the Periodic Table 

This period contains only hydrogen and helium. The work of Bohr, already 
referred to, has shown that hydrogen has one electron in a Is orbit, the nucleus 
being a single proton. 

Helium, of atomic weight 4 and atomic number 2, must hence contain 2 protons 
and 2 neutrons in its nucleus. The extra-nuclear electrons are both in Is orbits. 
This inner pair of electrons in Is orbits is believed to exist in all elements except 
hydrogen—that it represents a " completed *' group is shown by the fact that 
helium is an inert gas. 

Second Perioa 

The clement of atomic number 3 is lithium, and it appears that the introduction 
of a third electron into the Is level would produce an unstable system on account 
of mutual repulsion ; two electrons in Is orbits constituting a stable " complete " 
system for that level. Hence the third electron in lithium goes into a 2s orbit, 
and since it is situated further from the nucleus, it will be more readily removed 
than either of the others, and hence we find that lithium is an active element 
whereas helium is an inert one. 

Passing along the first period successive electrons take up orbits represented 
by a quantum number 2—some are in 2s orbits, some in 2 p orbits. The 2 p orbits 
are believed to appear first in boron. When the total number ol electrons has 
reached 10 (2 in Is orbits and 8 in 2s and 2 p orbits) we have the inert gas neon. 
The second quantum group is now complete and the very stable configuration 
characteristic of an inert gas is produced. 

Third Period 

On the addition ol an eleventh electron, since the second quantum group is 
now complete, it passes into a 3s orbit. The resulting system resembles lithium 
in that we have a solitary electron in the outermost level, with a complete group 
beneath it, hence the chemical analogy between sodium and lithium. Addition 
of further electrons, which pass into 3s and 3/> orbits (3/> orbits are first found in 
aluminium), causes the formation of elements which reproduce the general 
characteristics of the previous period and end* with argon when 8 have been 
added since neon. We then come one •• more lo an outer group of 8 and the 
stability ol an inert gas appears one* more 


Fourth Period 

f he first element in 'his period is potassium, which has one electron in a 4s 
orbit; the second, calcium, similarly Ins two ilictrons in 4s orbits Thus an 
analogy exists between tli r elements and sodium and magnesium respectively, 
tut with the addition of .. Jui lher electron (i »*.. in the element of atomic number 
l’ 1. scandium; a new phenomenon appears Scandium does not have three 
electrons in 4 quantum orbits, but only two. the additional electron passing into 
a deeper level in ’he «»iv;i:i ami enlarging the 3-quantum group by taking up a 
.> / »o>iT 1 hi> proves* Vosii-imes as we pass along the fourth period until all 

iber ol l-quantum electrons remaining un- 
liiirn where one ol these, too. drops into a 
’n 1 quantum orbits. As soon as this has 
w o« tin pern.-el earl; contain one* additional 4-quantum 
■ ■ ;i 1 ■ V* 111 r ' • u ‘ ,c " !<r\ pton results. We thus see that 
It mrr*.: »n the middle ol this period (cf. 
, _ to l ‘ u ' urndual enlargement of the 3- 

• . ' i right.viv i Iie e vie iien:s show variable valency, 
, 1 char. . u ri.uv properties, as well as having 

. ». i.»u* etinractcn-iiv ut this portion of the 


p- nble 

3 d or 

bus are 

:»;*il. 

the r, 

i i»n»i:re d 

ixev 

pi Hi tf.e - 


ol c!. 

3,7 orblf. 

unti 

1 th Ti are 

• N 

A'cin 

occmrcl 

. the 

lai •: vie ,'.u 

•at* 

Oi the 

election 

until 

tin r*. ar.* 

wi^ii 

: ed t» 

v.e have 

a St 

•rit-s o'. *’ ■ 

ran 

iti-in 

VI .pt'-r 

VI11 

, pac* ; i' 

*i : v 

flCSpt 

r;il ill'. ;•» 

: group from •, 

/hi 

*0 eig* 

lorin •. oi 

1 

ion*, a au 

r\ » 

•hi* ,*t 

the :n ir 

k.'d 

horizonu 

. j •• 

l'v 1,1 II. 



91 THE constitution of matter 145 

. .h* ™>rio<i viz gallium to krypton, resemble 

Periodic Table. Thelater elements ofth P^ ■ 
the corresponding elements 


Fifth Period . ... »... n dements having rc- 

This closely resembles the fourth ; which there follows a series 

from eight to eighteen, and ends 
to those in the short periods. 

Sixth Period common first observed in the 

electrons respectively in . n t the transition gro \ * >heno»nena in 

With lanthanum, the ^"alogou* to the corresponding P|>" ^ 

electron passing into a .»«! <> . t)K . s j xt h period contains • - o( t)ic slz0 

the fourth and. 0 Mhe period is caused ^" . nl-n-ucic iH IkK„is 

this expansion in the link htcel J to thirty-two r ‘J| uninterruptedly 

ol 4-quantum group lron } ** f h p cr iod. and conti series of 

with cerium, the lourth element ol^tn lh .s ™he fact that 

until the 4-quantum group ba^^ rcmarkably alike on accou« ^ m th(? atom , 

rare earths ; elements ..lenient occurs in a dn| ; | avt . rs of elcc- 

the difference from elemen diemical influences by tw dements corres* 

which ,s shielded from normal chemic^^ ^ morc ^ ^i-riod ends 

trons. After passing the ^ ear" min tum group, after which l 
ponding to the filling up ° rt . car ths is inserted 

normally. . , ... sixth pernnl the grouj ' . , ous reason, that 

It is thus to be noted that in 1 way. and for an an-1 * thc fourth 

into the transition clement*. «n tm a lhc typical dcim.it 

thc transition elements are m*r 
and filth periods. 

„f the Croups of the Periodic Tab.c 

§ 11 The Structure of the Atoms ,, c slru ctures discussejl m 

11 ... ot tnt- * i ..| rmr nts Lilluifs 

It is instructive to y, at j ons between those a^ , g ,, “ 

the previous section the , in the Periodic * able roups arc given in 

within the same group " • dements in »l‘ rrt . \\\ ^ as to bring 

Tables ^ ^ ^ rom lt we see that these 

.- can ,M * 

assets 

Taui.i NMI 


Elcctron- 

n 

Helium . 
Neon 
A rgon . 
Krypton 
Xenon . 
Kadon . 


_ . 

Nun.be... 

3 5 


6 


—- ■ 

2 



2 

H 

• 

2 

8 


2 

8 

* 

2 

K 

• 1 

2 

8 


K 

IK 

IK 

IK 


K 

IK 

:u 


8 

18 
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Table XIV.—Group Ia 


Element 


Number of Electrons in Orbits 


n = 

1 

2 

3 

4 

5 

6 

Lithium 

2 

1 





Sodium . 

2 

8 

1 




Potassium 

2 

8 

8 

1 



Rubidium 

2 

8 

18 

8 

1 


Caesium 

2 

8 

18 

18 

8 

1 


Table XV.—Group VIa 


Element 

n = 

Number of Electrons in Orbits 

i 

2 

3 

4 

6 

6 

7 

Chromium 

n 

8 

13 

1 




Molybdenum 

wM 

8 

18 

13 

1 



Tungsten 


8 

18 

32 

12 



Uranium 

Efl 

S 

18 

32 

18 

12 

2 


In Table XIV, which depicts similarly the configurations ol the alkali metals, 
we find in every case an outermost layer of but one electron, all the inner rings 
being complete. I he outermost electron can l>e detached forming an ion, which 
will l>e monovalent. (See $ 12 for the application of the electronic theory of the 
atom to valency.) We see that, as in the case of the inert gases, the outermost 
layer is the same for all the members ol the group, and in addition it is seen that 
the next layer of electrons is also the same 

I able X\ gives the structures ol a representative group from among the 
transitional portion of the I’criodu I able. In each case these elements have 
fourteen electrons in the two outermost groups taken together; sometimes 
divided as Id, I , sometimes a 4 * 12, 2. The group oi thirteen comprises (as may 
be seen by reference to l able Ml) complete e'onps of eight 3s and 3 p, or 4s and 
4p. or as and 5/>. or fis and 6/> orbits, togethei with an incomplete 3d, Ad, 5d, or Orf 
group as the case may be. These incon ;>letv gi\ ups and the single outer electron 
are easily removed so that six (or lew; r. m • * b • lost. resulting in the considerable 
variations in valency which we find among i!r* members of this group. 


§ 12 Atomic Transmutation 

\\ h- n fast moving pa.tiel -s mu h .«> pio'on*. x-pnrticles or neutrons encounter 
matter some ot the mulct • • the Mui au- struck and undergo changes as the 

,f " ,,s ! ' 11 ■ parti. tlarU effective since its 

ot t .large ctyry. ■ ;;»proa ii tin* iukT-i >i itoms without experiencing 


:.i mu »sv repulsa m . a 
* I'-rcs :1a uucU i bi . i • * 
i* taken ap l>\ the mi • } 

o' ii:s uo into two nee ■•• •■. » 

iicarnations can be 
• o! everyday »f %* . • • «• 

• : ■ 1 < 

W *u i r <*pen and an iso loo.- of « 


uhvvly ehurwv 

- . chan 
• i but tin 
vav *•»< 


j. 


experiencing 
■ partn !os do In these circum- 
• su illy the bombarding particle 
p<* ;- aiT ingcment being unstable 
tic transmutation occurs. These 
•.n> *f iii :mc equations similar to the 
the first o: such changes to 
• 1 ' 1 1 nitrogen with a-particlcs 

; This can be represented 


He d- « I! -i- O 

•i 7 
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the CONSTITUTION of matter 

a irtr the Mass Number and a 
In such equations a superscript number^ stands^ (a „„ hcnC e o> the 

subscript number for the A 

element) concerned. number now known is: 

Another example irom among the large nu ^ 

; Ll + H - He + He ^ 

in most ol these reactions the a^J"''"‘>'^^7';^ 

It was, in (act, the first example ol 
cussed in Chapter 36. 

§13 The Electronic Theory ° f ^ Chapter 0. 5 4: con- 

The subject ol valencyhasbccn ,,, the light ->l the rest, t- ius 

siderable elucidation of this malt . P ,. lc<:U olvtes (that .s, 

founds .an, in general 

substances whose aqueous so J linking ol the ,| iat involved 

and non-electrolytes. It is dear that « respect Iron, 

a non-ionizable valency must d.htr in ||s ol the 

in an ionizable valency. succeeded m appi' in , . valency m 

G. N. Lewis and "J^^^em. and that "I «■»“*“£ "dements 
modern view of the atom t 1 both .issuin* <1 ■ t s t a ble 

general, with considerable siicces^ ^ mcrl ^ ; in; \ o cause 

of the outermost electrons ‘ lK . lwt . t . n atoms* occur?. u ' V" ‘ c i^ tr ons »n the 
structures and that combi na s this i>. a groui < through that the 

the attainment of these stable *»tir etur |t 1S .turned all thro.., 

case of helium, or of eight m a «t « T 
outermost electrons are the valencN eket 

Eleclrovalenl (or lonuablc) L,«k«K" linkage and 

Kossels theory applies part^-d..^ 1^^ , tructu re ,s attained b> 
in explaining it. He considers that 




Sodium Atom 


Sodium Ion 





Neon Aiom 


Fig. W-0 —Structure 


, s ol Atoms and Ions (diagrammatic. 
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the gain (or loss) of electrons, thus leaving the atom with the electronic configura¬ 
tion characteristic of the nearest inert gas, albeit the atom as a whole is charged ( 
i.e., it is an ion and not an uncharged or neutral atom. In his view, the ions are 
then held together in the solid compound by electrostatic attractions. 

Thus, for example, sodium can readily lose one electron to form an ion with an 
electron grouping similar to that of neon, but, of course, carrying one positive 
charge. Magnesium similarly can form an ion with two positive charges (Fig. 9.6). 
In a corresponding manner, at the other end of the period, chlorine by gaining one 
electron would complete its outer group of 8. thus attaining to a structure com¬ 
parable to that of argon, and forming an ion carrying one negative charge. In 
solid sodium chloride the ions are held together by the electrostatic attraction 
brought about by their being oppositely, but equally, charged. When, however, 
the solid is placed in a solvent such as water, the electrostatic forces are reduced 
owing to the high dielectric constant of the liquid and consequently the ions 
separate. The process of combination is thus visualized as indicated in the 
following scheme: 


Na + Cl 
(2.8.1) (2.8.7) 

Na+ + Cl- 


= Na + + Cl- 
( 2 . 8 )+ ( 2 . 8 . 8 )- 
ncon argon 
type type 
= Na+Cl- 


This theory is in accord with the known lacts concerning the behaviour of electro¬ 
lytes, ami the relation between the valency of ions (equal to their charges) and 
the position of the element forming them, as explained in Chapter 12. It is 
also in harmony with our knowledge of the crystal structure of polar (i.e.. ioniz- 
able) compounds. (See Chapter 10.) 


Covalent Linkages 

The theory outlined above is clearly inapplicable to compounds such as SO t 
or () 4 there is. for example, no reason why one oxygen atom should lose tw'O 
electrons in favour of the other, nor would the process result in the stable inert-gas 
configuration. In general, this type ol difficulty is experienced when attempting 


to deal with non-ioni/ahlc compounds, which are the great majority, since almost 
all carUm compounds fall in this category and they alone are more numerous 
than the compounds of all the othei elements together 

l ^ wi> propounded a theory in 1U1G which obviates this difficulty. He. 
like Kossel. assumes that combination occurs in such a way that the inert-gas 
configuration is achieved, that being the stable state The additional assump¬ 
tion which enabled Lewis to explain the formation of non-ionizable (or as they 
are now known, covalent compounds is the idea that such a link is formed by 

7 ° this * >air being able to contribute towards the 

sta mIu> oi both the combining atoms. Thus, tor example, atoms of oxygen 
and hydrogen may be indicated thus: 



oi two hcMiun type) around the loruur \\\i 

H:6:H 

lv. a similar wav an o: \ucn ni kvjIc i 
electrons between ihe 
sen.e with eight ei.ctiom aiil.va. i, i 


- hence represented: 


1 "*hed l \ the sharing of two pairs of 
•-Hi, ^tom will l>e associated, in this 

• r* only twelve altogether. 


the constitution of matter 


149 

91 T 

Or again, one atom of nitrogen has ^UfolecuVc o? ammonia it shares 

bining with three atoms of h> ^ tlirce contributed by the hydrogen 

three of these with the hydrogen along 'n *tn the Uin ^ ^ undcw|ooc| fr0 m the 

atoms themselves, thus completing . u !M .| ong i n g to hydrogen atoms are 

ws — •»•» dot «■ Thus: 

H 

x* 

Hx N : 

•x 

H 

i ..,„i octet of electrons, thus making it 
Again, while the '"^".^’^'en has s.milarly attained to the helium type, 
conform to the neon type, the h>ur 0 

Co-ordinate Linkages # non . ioniiable linkage is due 

We have seen that according to Lewi contributed in general, by each o 

to the sharing of a pair of elecUon s one lval , m link to be esta b l,sh«l 
the linking atoms. It is P 0is,l l ’ ‘ contributed by only one °< ‘he atom^ 

even when both of the shared electrons i been given, and it may be 

To this type of linkage the term o-ord ' The atom supplying the 

exemplified by the combination of > l . _ | K . in « known as the acctp(»r. Thus, 
pair of electrons is called the donor, the '*™^ cc ,rons ... the outer rings so 

the atoms of sulphur and oxygen 1 ^electrons with one oxygen atom., and 
that if the sulphur atom shares a pair |ccu|c o( sulphur dioxide 

donates a pair to another oxygen at • M su | phur trioxide is formed b> t ‘ 

SOSSSS-K £££»«—“ *• 


.. - ** « 

OC Sj O: 


:bi *:6 


Sulphur Trioxide. SO, 



O = 


Sulphur Trioxide. S0 3 


Sulphur Dioxide. SO, . o! Krca t importance. 

Further deductions Iron, and " «" " 

arc possible but cannot lx: > ., r> 

compounds is considered m l * ^ ^ by othcr names, c.g.. semi-polar 

.rind is said to 

links Tn'the' molecu^eso" particular compounds 


150 


MODERN INORGANIC CHEMISTRY 


[Chap. 


§ 14 Wave Mechanics Resonance 

Reference has been made already (page 132) to modifications, suggested by 
Schrodinger and others, of the Rutherford theory of atomic structure as developed 
by Bohr. Their ideas do not invalidate the explanation of the structure of the 
Periodic Table given above, nor the main lines of the electronic theory of valency, 
but they have a bearing on our ideas of the constitution of some compounds such 
as the hydrides of boron (page 089). 

Electrons in motion behave as though they are associated with characteristic 
waves For example, when reflected from a crystal or passed through thin sheets of 
metal foil diffraction effects arc observed as with X-rays (pages 129, 172), and it 
is to take account of such facts as these that these changes have been suggested. 
According to Schrodinger the charge of an electron is not concentrated at a 
point on a particle but extends into space as a sort of cloud, the density of which 
is denoted by t^ 2 , where ^ is known as the wave function and replaces Bohr’s 
electron orbit. The analysis involved in this theory is known as Wave Mechanics. 

An important consequence of these ideas is the modern theory of Resonance 
which .makes it possible to account for the fact that some compounds appear to 
exist in a state which cannot be precisely formulated but which corresponds to a 
condition intermediate between those represented by two or more ordinary elec¬ 
tronic formulae. This it does by showing that a molecule existing in such an 
intermediate state would have a lower potential energy than it would have in 
either of the precisely formulatable conditions, and so would be more stable. 
Examples of compounds which are otherwise difficult or impossible to account 
for are nitrous oxide and nitric oxide tpages 427.431) as well as the hydrides of 
boron already mentioned 


ij 15 The Atomic Theory in the Light of Modern Developments 

It is natural that the lacts and theories discussed in the present chapter should 
cause us to pause and consider their effect our conceptions of the atom, of an 
element and of tin* atomic theory in genet-.! as discussed in previous chapters 
As regards the fundamental postulate mat all matter consists of atoms, we 
now have direct evidence lor the truth of this, which was previously only an 
assumption But \u now know that the atoms of a given element are not neces¬ 
sarily all exactly alike in weight, nor is th« atom the indivisible unit that it was 
formerly supposed to be 

As legards these two latter points, it has been -aid earlier (page 138) that w th 
the exception ol icad from radio-active sources, the elements as we find them 
show a remarkable amstanev in the proportions ol the isotopes present, so that 
the utona, wcii, .'t i >:iis all its former sigrntn .hk ■ in the field of practical chemistry. 
J Iras, it is oi th*. highest importance in quantitative analysis. Furthermore, 
although tin hyp >* .* > . *i the atom of an ehriiamt i- an intricate bit of mechan- 

i-ti iompl. \ .!• * • '»4 part 1 liable .c dr * ation when exposed to the right 

r.Jiiion.s is now cd, not affect the time-honoured 

•' 'iniiiou »! .in atom •. . < f oin -til! u-main- a veritable unit indivisible in 
. hem ca transform . , . nd theories discussed in this 

i kets of material chemistry 


CHAPTER 10 

SOLUTION AND CRYSTALLIZATION 

In the strictly scientific sense ol the res! stance to tile solvent 

those substances characterized by e ” _ lrJ(iri i, njn h d,ll.cult ol solution, 
action ol water may properly be designated as 
not as insoluble.—O. N ij t 

§ 1 General Classification 

The behaviour ol solid, such f s .^pTrie^e."The solidt-mTlo 
contact with water is a familiar fac • 1 ^ as dissolved, while 

disappear into the liquid, and • lcrme d a solution. The di$- 
the resulting homogeneous mixture ^ the liquid in which 

solved substance is often called 

it is dissolved, the solvent. mixture, but are not confined 

Solutions are thus a particular kindotrnixtii ^ 

to mixtures of solids and liquids. 

Solutions ol solid, in solids^ 


»» . ”. . 
„ liquid* 


gaser 


„ gases 
solids 
liquids 
gases 
., solids 
, li<|uids 
.. gases 


, ,, .he most familiar type and 

The solution of a solid in a i«| . lu j, 0 f solutions, 

hence serves best as a starting-point for tin > 


§ 2 Solutions of Solids in Liquids 


fj 2 solutions —- - pc which 

A mixture of a solid and a liquid may_ * “ These types arc- 

shade off into each other almos 

true solutions, colloidal solutioi , potassium iodide, be added to 

If a small quantity of a *“«• stirred, the solid seems to 

a fixed quantity of water an< oj .,„tassium iodide can be 

disappear. Further small quanlitK. ' rin icnt with a coOured 
added with the same result. A . • ^ t ’, )at t |, t . lump of coloured 

salt such as potassium <1, ?' ,ro i.miid becomes coloured. In all such 
solid gradually disappears but J d which (at a given tempera- 

cases there is found to be a 1 > 

lol 
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ture) no more solid will pass into the liquid. Within this limit the 
mixtures formed appear homogeneous to the ordinary sight and are 
called simple, true solutions. They are believed to contain either 
single molecules or parts of molecules. (Cf. Chapter 12, page 195.) 

In such a solution the solid does not separate under gravity, and is not 
removed by ordinary filtration, but can be recovered on evaporation. 

Suspensions consist of gross particles of a solid surrounded by the 
liquid. These gross particles settle out under gravity, are easily 
visible (often to the naked eye; always under the microscope), and 
can be easily removed by ordinary filtration. 

There exists also a class of solid-liquid mixtures in which the particles 
of solid are intermediate in size between the single molecules (or parts 
of molecules) of true solutions, and the gross particles present in 
suspensions. These are known as colloidal solutions. In them the 
particles of solid, which carry an electric charge, do not settle under 
gravity and are not easily removed by ordinary filtration. They 
consist of aggregates of relatively small numbers of molecules. The 
properties of these colloidal solutions are dealt with more fully in 
Chapter 16. 

In the absence of chemical combination, gases are miscible in all 
proportions and the properties of a gas mixture (or solution) are those 
of its constituents. (Cf. Chapter 2.) Hut, as mentioned already, 
there is, in general, a limit to the amount of a given solid which will 
dissolve in a fixed amount of a particular liquid at any particular 
temperature. I*or example, if potassium chloride be added to water 
kept at a constant temperature, the salt is gradually dissolved, and 
the process of solution continues until a definite amount has dissolved. 
1 he amount of solid remaining in excess of this will remain an indefinite 
time without further change, provided the temperature remains 
constant, and no solvent is lost by evaporation. The solid and solu¬ 
tion are then in equilibrium. As in the analogous case of the vapour 
pressure of a liquid (sec page 31), the equilibrium between a saturated 
solution and a solid is dynamic, not static. The solution is said to 
be saturated with the saL at the temperature of experiment. The 
weight of salt dissolved by 100 grn. of the solvent so as to make a 
saturated solution at any assigned temperature is called the solubility 
of the salt.* Thus, lot) gm. of water at 2( T will dissolve 35 gm. of 
poi.c iu»n chloride, and accordingly, 35 is-the solubility of potassium 
chlor.de in water at 20°. 


8 3 I>ctcin.:naunn of the Solubility of a Solid in a Liquid 

i '•« amount ol a solid which will dissolve in a fixed quantity 
o. any pamcular solvent limited; and further experiments such 

C '.h- r m 4 >dos oi representing solubility are more convenient in special cases 
iron' 1 lC pcrtVnlase a,nount of salt in a given weight of the solu- 
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as those about to be described show that this limit is a constant for 
“given paTof substances, so Ion, as the temperature remams con- 
stant. The determination of solubilities i*. there o c, 

im The ta usual method consists in the preparation of a 
of the substance at the desired temperature ) and the 
known amount of the solution so obtained, ‘h'sisca • 
apparatus such as that shown diagrammatical!) in 1 ig. 

An excess of the finely-powdered 
solid is placed in a bottle, through the 
stopper of which there passes a thermo¬ 
meter, a mechanical stirrer and a 
stoppered tube by means of which a 
pipette may be inserted. Pure solvent 
(e.g., distilled water) is added, and the 
whole is immersed in a thermostat 
a large bath of water automatically 
maintained at a previously deteimine< 
temperature) whose temperature » as 
been adjusted to that at whn h u 
solubility is to be determined. he 
mixture of solid and solvent i* 1 u n 
vigorously stirred for some hours. «>r 
even days. At the end of a suitably 
long period the stirrer is . sto Pl*‘. . time a |l undissolved solid 
and, after several hours during .. , . . aboVi . thermostat tempera- 
has settled, a pipette, warmed t< - * * nfl a port ion of the saturated 
ture and fitted with a filter, is in c 1 This solution is then trans- 
solution is withdrawn by mean* <> • t | u . so lution determined, 

ferred to a weighed vessel, and th< t* c | u . m icallv, or very carefully 
after which it may either be anal>*e is such that. it 



PlG in.| —Determination ol 
il„. Solubility of a Solul 


■ UVU, (UIU IICIIVV D 

may be found. . . be understood from the following 

Ihe calculations involved ca 

example: , . , ■ f j/#v>JI 0 f the solubility of oxalic ana 

In an experiment for the t ^ ^ ( m lt ted to 5tK) r.c.. twenty - 

16*37 gm. of solution saturated at - m titrated with a deetnormal 
five cubic centimetres of this so it io «» 4 d (o r etjuire 15*8 ex. for 
solution of barium hydroxide W aad at 20 C. 

neutralization. Calculate the sola a ! / - ( j ( . elution contain 0 00158 

15-8 c.c. of decinormal barium hydroxide 

equivalents of barium hydroxide. . cwn tain o-ool58 equiva- 

/. 25 c.c. of the dilute oxalic acul mmui 

lents of oxalic acid. 
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But the equivalent of oxalic acid is 45. 500 c.c. of diluted oxalic 

0 00158 x 600 . , ■ , .. . A 

— equivalents of oxalic acid 


acid solution contain 


25 


0 00158 x 500 x 45 
25 


gm. of oxalic acid 


= 1-422 gm. of oxalic acid. 
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16*37 gm. of saturated solution contain 1*422 gm. of oxalic acid. 

• 16-37- 1-422 gm. of water dissolve 1 *422 gm. of oxalic acid, 

i.e., 100 gm. of water dissolve 6 m oi oxahc ac,d - 

The solubility of oxalic acid at 20° C. is 0-51 gm. per 100 gm. of 
water. 

The solubility of a substance determined as above is found to vary, 
in general with temperature, a rise in temperature usually causing an 

increase in solubility When the solubility of a JdteSf- 

for various temperatures, the relation between solubility and temper 
ature can be plotted in the form of a graph Such a graph is known as 
a solubility curve, and some typical solubility curves are shown m 

Fig. 10.2. 

Curves such as these show that: 

(i) solubility usually increases with increase of 

(ii) the effect of change of temperature on the solubility is dittcmit 
below, page 156). 

§ 4 Purification by Crystallization 

The considerable difference in the solubility o' solids at dilferent 
temperatures provides a convenient means for tin purification 

soluble substances. ml int itv of an insoluble substance, 

If the impurity consists ol a small quant^^ ^ a|l|r (U , (1 or ncurlv 

the process consists in making a solut ,ll, AV me the filtrate to 

saturated when hot, filtering it rapi >• ' ,, , ( „,>ling. 

cool, when the dissolved substa.we will cr >t .11 £ . £ 

This process is known as recrystallization and 

in chemistry. . . , . , . lv a soluble one, the 

If the impurity which it is desire. ^ 1)V ,., I> particularly 

process of recrystallization can oft ;. jj ,|„. solubility 

if one substance is present in only small I ™I" 

curves of the two substances are sullie un \ , s|ir j|l ciuantity will 

In the former case the constituent pre-en ^^"^nt 
not, in general, be present in amoun su" ^ |t( . ,, r ,j„ solution 
employed even at room temperature. 

°\r prfncip.. involved ... 

actual example. Supjx»c th.it it is' ' c |,| or j,[.. and potassium 

equal quantities (say 30 gm.) «» p • ■ | r>4 s|mjWS th at at room 

chlorate. Reference to 1-ig. !<>•- “ n I |\ . {() _ l|U | 5 respectively, 

temperature the solubihties of these . ^ t |,e ^labilities are about 
while at a temperature between /U anu 
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35 and 50 respectively. If, therefore, we dissolve our mixture in 100 c.c. 
of water at about 75° C. and allow the solution to cool, we shall find 
that potassium chlorate will separate at once, while potassium chloride 
(and a little potassium chlorate) will remain in solution, since the 
quantity of potassium chloride present barely reaches the amount 
required for a saturated solution even at room temperature. The 
chlorate will actually contain entangled traces of chloride which can 
be removed by a further recrystallization as described in the previous 
paragraph. 

The solution from which the potassium chlorate has been removed 
will now contain approximately 30 grams of potassium chloride and 
5 grams of potassium chlorate. If this solution be evaporated until 
it begins to crystallize, and then allowed to cool, potassium chloride 
will be deposited, contaminated with a trace of potassium chlorate. 
Again recrystallization will enable a pure specimen of potassium 
chloride to be obtained. 


§ 5 Abnormal Solubility Curves 

Usually solubility curves are smooth: there are no sudden breaks 
in them. Sometimes, however, the curve showing the relation between 
solubility and temperature does exhibit sharp and sudden breaks or 
changes in direction. 

An example of such a curve is that for sodium sulphate shown in 
Fig. 10.3. 



—a- T 


aa ? A 


On examining this graph we see that the solu¬ 
bility increases rapidly with rise of temperature, 
as shown by the slope of the curve, Fig. 10.3. 
'1 here is an abrupt change in the direction of 
the solubility curve at 32-4° C. Above that 
temperature the solubility decreases with rise of 
temperature. The interpretation is that the 
solubility curve is really compounded of two 
solubility curves. Sodium sulphate is a hydrated 
sail. that is. it crystallizes with water of crystal¬ 
lization (page 202); as ordinarily obtained, ten 
molecules of water are present along with one 
»• cu:e vj!I ,sv>dium sulphate. I litis in the diagram the curve of in- 

i ol temperature below 32-4 represents the 
di' Ji.iie, Xa 2 b() 4 . IOH..O: and the curve of 
n'rature represents the solubility 
in rhombic crystals. The deca- 
into the anhydrous salt. The 
. the anhydrous salt is not stable 
mpcfatiuc is the transition temperature or 

Uan-ii ion point, ai d ihe change is svmbolized 


Fig. !0.:i. 
"•ohibilit y Curve ol 
Sodium Sulphate 
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The solubility curves, u will be observed, represeul the coudition ol 

s S3X3 

r? *?^* e -p ^ 

the decahydrate beyond 5-4 octau hvdnted form—e.g.. 

N t0 SO he 7H h O dr0 bu S t since' the transformation of tin' anhydrous salt 

bntflPthV hydrate takes an VY* Ct A" 

the solubility of the anhydrous salt below 5-4. 

the dotted line in the diagram. inhates—anvhdrous and 

The solubilities of the two sod mm so(lium su |. 

decahydrate—are quite different. . owll solubility curve, 

phate passes into the monoclimc ' with a saturated solution at 
If the solid decahydrate were in ‘ were added to the solution. 
20 °, and some of the anhydrous s l ‘ * aiu j be deposited later 

some of the anhydrous sulphate \\ou * , j lc a transformation. 

as the decahydrate. The salt into the 

through the medium of the solution, ol tnc 

decahydrate. r ^u\t also from the formation 

Apparently abnormal solubility curse, result 

of double salts. . . U( . . iro mixed in water and the 

It is often found that if two simpl ^ ga|t js obtained which 

mixed solution is then a lowed o <■ * su ' ch a mixture of potassium 

is a compound of both salts. l*° • • L,i u tion will, when allowed to 

sulphate and aluminium formula K 2 s6 4 .ASOH 2 0 

crystallize, deposit a compound of l c fonm..a ^^ 

known as alum. Such a compo 

8 6 The Freezing of Solutions 

, i n back a, Aristotle's day. that 
It has long been known, evci « 4 f r ,,/m sea-water; and that if 

drinkable water could be obt.um comparatively pure 

an aqueous solution of salt l>«- gia< « trat;r 0 f salt generally found 
ice first separates from the solution. mechanically entangled 

in ice which has separated from sea-water 

in the ice. Arx _cpnts the solubilily of potassium 

The curve OB, Fig- W-4, r \ 1 • _ to H‘>° • ° >_ 

chloride at temperatures ranging i because the whole mass 

servation cannot be continued >e <> ^ only at the melting 

freezes; the upward curve wou c | * - volatilization of tin- 

point of potassium chloride n it NSt 1 

water. i .. solution is generally lower than that 

The freezing temperature ol «■ • 
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of the pure solvent. As long ago as 1788, C. Blagden cited a number 
of observations which led him to the belief that the lowering of the 

freezing point is proportional 
_ to the amount of substance in 

§ solution. In Blagden's own 

^ words: The effect of a salt is 

§ to depress the freezing point 

^ in the simple ratio of the pro- 

^ portion to water. This general- 

^ ization is sometimes called 

^ Blagden's Law. The freezing 

^ point of an aqueous solution 

h of potassium chloride, that is, 

% the temperature at which ice 

| begins to separate, is grad¬ 

ually reduced by the con- 
40 tinued addition of small quan¬ 
tities of potassium chloride, 
and reaches its lowest value, 
- 10 04°, when the solution 
has nearly 19-5 per cent, of 
further additions of the salt raise the temperature 
tes. Solid potassium chloride, not ice, then separates 


Solution 


afc/rg d Liquid, 




utecticz 


Per cent of KCt 

Pic. 10.4.—Solubility and Freezing Curve 
of Potassium Chloride-Water Solutions 


potassium chloride 
at which solid sepa 
from the solution. 


Imagine a •> per cent, solution of potassium chloride subjected to a 
gradually diminishing temperature. Start at 0 C . When the tempera¬ 
ture reaches,.say, -4\ ice separates from the solution. The mother 
-.quid remaining has therefore more than 5 per cent, of salt in solution; 

*• , | I v 'ratur< fail;, ip' re ice separates. The further concentra¬ 
tion oi the motiiiT liqtb ' ri.l iho reparation of ice continue until the 
mothtM hqni 1 has about t i cent, ol potassium chloride, when 
the who.« remaining liquid vs ; hi at 10-64°. Quite an 
,i: St ' r,c * ol 'Tin. - il elutions containing more than 

, ’ 1 '' ' *". ' 11 ‘ • ' gradually cooled. This time. 
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i »• I ;r i .J i.j.i 
lor ihe • lit *-J 


« e. •• mi.vtere; and -10-04° the 
* 1 »ri».k that this mixture— 
i •. ,d ‘ c<>rresponded with 
i''• uni chloride and water, 
i ' designation cryohydrate 
• n:i 4 eutectic mixture *’ is now 
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preferred in place of cryohydrate. for we now know that c . r -\ 

hydrates are not compounds but only mechanical mixtures of it 
and salt. The evidence for this conclusion may be summarized as 
follows • (1) The heterogeneous structure is frequently apparent und 

the microscope. (2) Unlike true crystalline compounds the coo- 
hydrates are generally opaque and ill-defined. l 

dissolve the solvent, leaving behind a network. of sak. (4) llurt 

'xsssl 

^TheaMnpositbn o^aTry-ohydradc 1 ^ dffterent when the solidification 
takes place under different pressures. 

§ 7 Gibbs’s Phase Rule 

JowSt Phase * 

and many other phenomena. ■ , hetcrogcncou* systems at equili- 

The Phase Rule deals with the Ul « component, and degree 

brium. and it employs three special terms, me.. pnas . I 

of freedom or variance. .Ink-rent portions; each of these is 

A heterogeneous system is made l thc ot { u . rs by surfaces. Each of 

homogeneous in itself but is sej»r.i u aqueous solutions of potus- 

these portions is called a phase ri.us in the c ^ _^ ( |alu , n .p. With an 

sium chloride, the eutectic containc transition point, l-’ig- HL3. we had 

aqueous solution of sodium sulphau * |oll,(); the saturated solution; 

to deal with four phases—Na^bO, • 1 •j, f rci ./ing water .we have the three 

and the vapour arising from the solu " • systems there can only be one 

phases: ice. water, and vapour. I» ^"^neou ^^ ^ a|way# two 

phase, e.g., gaseous systems, and n 

or more phases. mnrc difficult to explain. The coin- 

The conception of a component is jathcr^ n| in< | 0 pondently variable 

ponents of a system are taken to be . ol t . ac |, pha-e can be express'd 

constituents by means of which the co I OIII „| s wlm h behave in a system. 

The components may be elemeii ** * j j K . n is only one component in 

for the time being, as tj they were c c 0 . t | K . eomponents in the system 

thc system just considered, namely, "a c * solution of potassium ‘ hlnride 
considered in the previous section a ■ 1 alK | two components were in 

arc water (H,0) and potassium chlorKlc l^. Iiam ely. water (H.OJ and 

volvcd in our study of the solubility of sodium «H| 

sodium sulphate (Na,SQ 4 ). tiled the variance ol a system 

Thc degree of freedom of a system s > fixed before the state ol 

is the number oi indepen,lent vanabk*wh.ch 

the system can be defined without am » « - , t vvl || l,e remembered that the 

Variance or degrees of freedom of a sysu - t ^ u . ni|H -rature. pressure, ami 

condition of equilibrium of a gas * . .tioii Uv K t. " here W is a nunien- 

volume was defined (on page l h ) ,s " . ’ t „| measurement (page 18). 

cal constant whose value depend* ujh..i Hit «» lh( . sta(l . «,l the svMem will 

only one of these variables be fixed, s.i (U . „ xo d volume, and yet have N1 r ' 

remain undefined, because the gas can j UM ,,| the three variable?* inns 

different values for temperature and p • u> ,|, lined unequivocally. without 

be known before the state of the *>* * ^ J|Xt .,| the third variable can on > 

ambiguity. If any two of the three* u • var|a b|c-s are said to In- arbitrary ** 
assume one definite value. The two w hicl» can be calculated from v 

independent variables; the third variable which 
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condition of equilibrium ( pv = R T) when the two independent variables arc 
known, is called the dependent variable. The gaseous system under consideration 
has two degrees of freedom. 

With these terms clear in our minds wc can now state the Phase Rule which 
»s that a system will be in equilibrium when its variance is equal to the number 
of components in the system less the number of phases, increased by two. In 
symbols: F = C — P -f 2 where C denotes the number of components, P the 
number of phases, and F the variance or degrees of freedom of the system. 

Its application may be illustrated by consideration of the behaviour of water. 

Fig. 10.5 shows the relation between 
N Q t,le vapour pressure of water and 

the temperature. 

The system cons sting of liquid 
water and vapour has two variables: 
vapour pressure and temperature. 
So long as liquid water is present, 
the pressure is determined solely by 
its temperature: given either the 
pressure or the temperature, the 
other can be determined from the 
relation symbolized in the vapour 
pressure curve—Fig. 10.5. Hence 
the state of the system is defined 
by two variables—the one is depen¬ 
dent, the other independent. In 
-10" 0 W 10° 20° 30° 40° other words, the system has one de- 

Temperature g*ee of freedom, that is, the system 

„ is univariant for C = 1 and P = 2 

riG. lO.a. \apour I rcssurc Curves as there is only one component 
ol Water “water" in two phases, liquid and 

vapour. 

thivc curves PO, OQ, and ON —Fig. 10.5—represent the conditions of 
equilibrium of three Uvo-phase systems: solid-vapour, vapour-liquid, and solid- 
liquid respectively. Ihese three curves meet at the point O. Here three phases 
can coexist in equilibrium. Hence the point O is called a triple point. The 
co-ordinates of the triple point are: pressure. 4 57 mm.; temperature, 0 0076° C. 
If the pressure or temperature be altered ever so little, one ol the phases—ice or 
liquid water will disappear and a two phase univariant system represented by 
a point on one of the curves OP. (JO 0.\ will appear. At the triple point the 
system is invariant for here C I as before, and P =» 3. as there are now three 
phases: solid, liquid, and vapour. 

If a system is such that it lias two degrees of freedom—i.e., it is bivariant—it 
I ol lows from the Phase Rule that /* C 1 wo variables must be known before 
the state ol the system can be deieimmed A saturated solution in the presence 
ol an excess ol the solute is umvanaiu. but bivariant if not saturated. In the 
!l' r ”* cr caSc * thcre I,rc components ind three phases—solid, solution, and 

•U rn‘ f V U | W , l K ‘ rc ;m * Uvo components and two phases. Hence 

m tin one ca,c. /• « - 4- 2-3; and m the other. F = 2 + 2-2. Again in 

* ' *' V 1 * J 1 [ ° l ‘ U! S - V: '[ rm be Invariant, because there is only 

1 ' co iponcnt. Pressure and temperature may be altered 

v ‘ *'••• «*« •« .. ». the Ice J long as the 

‘ltd ON I he same remarks may 
n j 'y, } y " *' **' 1 J l,i ! lc *'* Uvr t'-presented by points in the regions 

I’n.ise Uule i *.hctvlore .. m. . .. ..... 


' _ ^ • nw hi : ol grouping systems which behave in 

oi • i, .m, i, 1 . 1 ' s ' ^’Cjuiaily a system lor the classification 

i in I'lroi n I'-r Vii „-.i ' ? ' lN ' tv * ! K *. sa;,ic variance behave in an analo- 

> ms in temperature pressure and 

.O. me or conccotratiou. I t make* nodiflcrcnce whether '.he change's ^ che'mkal 
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iVj 

of a heterogeneous system are those nuo . 


§ 8 Solutions of Solids in Solids 

II an aqueous so.ui.on -«**•*£ ^ “ 

alum (page 814) be allowed to y ))*; • (J , hotll chromium and aluminium 

and these crystals are found t° tontam ^ constitution of these crv»uh is 
as well as potassium ions and sulpl j ; * ' () since t | u . proportions m "bich the 
represented as R,S<V(Cr.Al) 2 lS “ , j J Js u ,, 0 n their relative amount- i 
chromium and aluminium are pr^nt dt|K ||y thc cr>stalh/ation «>f 

the original solution Another t. [ t . a , u i .K>tasMum permanganate. 1 

mixed solutions of potassium perc ^ ou , r Viirv according to the projHjrtion 

ties of these crystals, such as density am - ^ ^ to u . so |id solutions: t k> arc 

of each compound present, bitch cr> L ^ ^ un>al isfactorv u-rm a- mi M 

sometimes known as mtxcd ci\> • Ilt kinds of crystal * > • 

be thought to imply the P^ 1 'It |.l •-‘ <•' «>■•«••' Ul ‘ K ' r 

whereas, in fact, solid solutions <- ta | a i|ovs. eg- brass- 

tant examples of solid solution are thc hr tai 

K9 Solutions of Liquids in Liquids 

, - , 4 . v i.ihit a behaviour similar to 

In many ways mixtures of aS W1 . have bee n discussing 

that of mixtures of solids and I l >uc | t as mercury and uau-r. 

in the preceding sections. 1 ! MK |, as water and sulphuric 
are practically immiscible, ^ pairs <>l liquids, again, 

acid, are completely miscible W tl> > ( , lsSoKv . a limited 

as for instance water and ether- m i S cible 

extent in the other • they are p - Wilt ,. r „ analo^-nt- to the in- 
The immiscibility o mercury a I ,, ; ,rti.«l miscibility of 

solubility of a solid (like sand) m « a ^ v J „( salt with 

ether and water is analogous to t u , ti)|M . ,| u . solid salt 

water—a solution of salt is ^or*^'* *miautities »1 other are .aided «<’ 

is wet. Thus, if successive small |)Ht . |fl( . r ,, nine a point " 

water, they dissolve completely a" • ; ,, tin- ..dd.tu.n o 

reached when, the water being -tuwUU >( ^ u>vf win. 

a further quantity causes t h 1 . gui this upper lay 1 r 

floats on the top of the aqueous solid• ^ ( wllh ,t> >atnra . I 

merely pure ether (in the sense that a ^ liiyt . r dissolve- ; 

solution is a pure substance) <> „lditi<>ii of a linb' " al, ' r <> ' 

as indeed can be easily seen by u-nUl.t^ ( , u . layer- n 

ether—the water dissolves <<> 1 .. r , n water, and a sa 1 • 

respectively a saturated solution o. j(| th<i t ,urn- i- 

solution of water in ether. a . n ,,, t |. will rein.nn eoi.st.ni e 

altered, the percentage compos , t | vj|) , however, a < hang*- 

if more ether be added. ibis •“ ' t j„. r layer (solution <> , 

the relative bulk of the layer-. »"*- lilVcr will gradually '!» 
ether) will gradually grow, and.the ' ^ ^ a homogeneous solution 

until it finally disappears, w ^ 
of water in ether. 


G 
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§ 10 Separation of Mixed Liquids 

The separation of mixed liquids or the recover}' of a solvent from 
a solution involves some form of distillation. 

When a solution is being dealt with in which only the solvent is 
volatile, the process of simple distillation will serve for the recovery of 
the solvent in an almost pure state. If, however, the solution consists 
of a mixture of volatile liquids whose boiling points are not very far 
apart (say less than 60°), fractional distillation is necessary in order 
to separate them. This process has been described in Chapter 2 
(page 41). 

It must be noted, however, that some substances of widely differing 
boiling points form constant boiling mixtures which distil unchanged 
in composition and at a constant temperature (provided that the 
pressure is unchanged). Thus, a mixture of hydrogen chloride and 
water behaves in this way (cf. page 604). At 760 mm. pressure 
solutions containing 20-24 per cent, of hydrogen chloride distil at 
110 C. without any change in composition. More, or less, concentrated 
solutions, when heated, lose hydrogen chloride or water, respectively, 
until the residue attains this composition, when the constant boiling 
mixture distils over. ° 


§ 11 Solutions of Gases in Solids 

Many examples are known of gases being taken up by solids, such 
as the action of hydrogen on palladium and the ability of charcoal to 

a, ’ s . o r b ™ anv « asos <** Post's 205. 32!)). There arc different ways in 
which this may occur, not all of which are correctly described as 
solution. Most of the cases of gases, being taken up bv solids are 
example' of adsorption (page,. 2'- ,, 320), which is a surface effect, but 
instances arc known of the true solution of gases in metals and these 
pix-non.'-nn ore ol industrial importance as they may affect the sound¬ 
ness of euv !!'■_<. A good example is furnished by the case of copper 
and hydrocele • .-olubihty of the hydrogen increases with rise of 
temperature u melting point at which it is 2 c.c. per 100 gm. 

o copper at . iivdrog.-ii is d-M soluble in solid nickel, 100 gm. 

Of Uhl, h dissolve .« e.c. of the gas at v.-2 (.. and 0-75 c.c. at 923^C. 
yii to* mm.). 

S ,: * Solubility of Gases ir. Liquids 
rif'thei^s '1 ; ' ! 1 '-ary enormously in the 

' . ‘ ,! temperature and pressure, will dis- 

,utu - b '-\•*«» volume of hydrogen. 

'ivi - b ■ of gases stand in sharp contra- 

■ *.■ .„i m other circumstances for no " common “ 

. : V ' ■■ an^wohave r.o generalization of such 

*’ -fl- >. 0 , 1 ..,}. . i.u Uiarles s Laws. 
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For a given gas, however, |^rti«S^S*«»e”<»™erf ICCt ° 

pressure and temperature on >o «ii u V)ilitv of gases which are not 
The influence of pressure on Henry’s Law which states 

very soluble in water is sumnnc l volume of a liquid at a 

that: the mass of a gas dissolved b> g sure . since according 
given temperature is proportiona p { as is j nV erselv propor- 

to Boyle’s Law the volume of a gncii m ^ jn tho (orm: the 

tional to the pressure the law ma> . of a liquid is inde¬ 

volume of a given gas dissolved b\ a given 

pendent of the pressure. • t t i ic less soluble gases very 

This law thus describes the behaviour of the jess^^ not the 

well—carbon monoxide, nitro^. i • = * chloride, sulphur dioxide, 

more soluble gases like amnion •. carbon dioxide, though it is 

The deviation is not very grea which do not act cheini- 

appreciable. Henry’s Law refers t ^ t jj Sr , 0 | vcs in water, one 

cally on the solvent, \\hen ca ^ a new substance—carbonic 

portion enters into combinatio \ ^ nhvsical sense as carbon 

acid—while the other portion < is> ‘ within the province of Henry s 
dioxide. The latter portion alone £ 1 . tlu . inu |ccules of the dissolved 
Law. Henry’s Law also assumes f- ‘ ^ ^ itself. Hence it may 

gas are no heavier than the m° c M . j aW> it will have the same 

be inferred that if a gas o e\ ^ gaseous condition. Henr> > 

molecular weight in solution and b comUH . linf , t l»e molecular 

Law is therefore to be regart ec «^* sul)Stancc s with one unit <> 
weights of gaseous and div» 
measurement. 


The. Influence of Temperature 


vnsitive to < haiiges ot tem- 


tUIIUCUV^ vr. - -r sensitive l‘» 1 11‘O'fO . 

The solubility of a gas in a » , ‘l'* ,t 1 'j,- t |„. solubility ->f Hi. gas. 

perature. The higher the tempera >r whj( |( tlw >..lul»ihty 

This is illustrated by the cm\< (I !-• M ,|„|>j|itv <>( «:<'<•* alvv '"\ 

of chlorine at various^ n . vcrsC o( the hehavioui ul 


ui cnioriiic at — • * -i 

diminishes with temperature 

most solids). 
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§ 13 Determination of the Solubility of a Gas in a Liquid 

The solubility ol gases in a liquid can be conveniently determined in the 
following apparatus, modified from that used by R. Hcidenhain and L. Meyer 

(1803). The pipette C (Fig. 10.7) is filled with a meas¬ 
ured volume of the solvent, e.g.. water previously boiled 
to expel dissolved air. It is connected with a Hempel's 
burette by means of a piece of flexible metal tubing of 
narrow bore. The gas under investigation is introduced 
into the measuring tube A, via the three-way cock D, 
by first raising and then lowering the levelling tube B. 
A definite volume of liquid is then run from the pipette 
C by opening the lower cock E and putting the pipette C 
in communication with the burette by means of the 
cock D. A certain amount of gas enters the pipette. 
The contents of the pipette are then agitated, and when 
all is in equilibrium and the liquid is saturated and the 
mercury in the burette and levelling tube are at a 
constant level, the lower end of the absorption pipette 
is placed beneath a vessel of mercury, and the liquid in 
the pipette is brought to its former level. The diminu¬ 
tion of the volume of gas in the burette represents 
the volume of gas absorbed by the volume of liquid 
in the pipette at the temperature and barometric pres¬ 
sure at the time of the experiment. To vary the tem¬ 
perature of absorption, the burette and pipette must 
be kept in a liquid or vapour bath at the desired tem¬ 
perature and the measurements made when everything 
is in equilibrium. 

I he results arc usually expressed as the number of 
volumes of gas reduced to S.T.P. absorbed; by one 
volume of liquid. This has also been called by Bunsen 
the absorption coefficient. 



Fig. 10.7. 

Determination of the 
Solubility of Gases 


§ 14 The Solubility of Mixed Gases 

V* Iim a mixture of two gases is exposed to the action of a solvent* 
the quantity of each gas dissolved by the liquid depends upon the 
volume and the solubility of each gas present. The volume of each 
gas determines its partial pressure, and since the partial pressure of 
<‘*u h gas is independent of the others, it follows that when a mixture 
ot gases is exposed to the action of a solvent, the volume of each gas 
which is dissolved by the solvent is proportional to its partial pressure, 
hach ims behaves a- if tin others were absent. This is Dalton's Law. 
n is a simple (xtension of Henry’s Law. 

k ’.i .tm; iiu: .nn! important example of this principle is its applica- 

J ' lissolving I atmospheric air in water. As we shall see in 
- an consists .of nitrogen, oxygen, water vapour, carbon 

*■ u * q ' ' titiesof inert gv.ses. I hose last may be neglected 
lor if * moment. 

i. ...r saw 7!) volumes ol nitrogen and 21 volumes of 

■ ’ * Ml M, ‘ * ,rc 0| " r *ubon dioxide, is shaken up with water, 

tht volume of earn gas absorbed by the water can be approximately 
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computed in the following manner: The native ^'u 1 )! 1 ''' 05 ' 1 ^! 
nitrogen 0 02’ oxygen, 0 04 ; and carbon dioxide. 1-/0. 1 lu. partial 

pressure'of each ga^is proportional to the relative volume of that gas 
present in a given volume of air. If the pressure of air lx just one 
atmosphere, the partial pressure of the nitrogen will be pr^rtmnal 
to 0-79 x 1- of oxygen. 0-21 x 1; and of carbon d oxide 0 0004 x 1. 
Hence theVelative^volumes of these gases absorbed by the wat^wdl 
be: nitrogen 0-79 ^ , c c o( u , lUT 

cx ^ 

c.c. of carbon dioxide. I he composition <» m w m ti u -n*- 

removed from the air by boiling, or exposure o * • . car i )oll 

fore be: nitrogen, (33-9 per cent.; ox\gen. . - I ^ ^ 

dioxide. 2-9 per cent. The relatively large so wc inight 

is counterbalanced by its low P arU ^ l ,n p ' f „ , ;ir | K ,„ dioxide 

expect a heavy rain-storm to remove a great part ■>■ 

from the atmosphere. 

§ 15 Solutions of Gases in Gases 

Gases, as we have seen, are-. V‘^’ctioiV ' ana* tli'-se mixtures P may be 
providing there is no chemical a . ‘ They correspond in 

considered to be solutions of one Bas ... | oth m ^ , , K . 

one sense to the completely nnsci m 1 in Chapter 2. 

general behaviour of such mixtures ia« ( ; chemical action 

where it was seen (page 19) that. S “independently of tIn- 
between them, each gas in a mix f „ aM ., towards a li<|uid 

others present. The behaviour of , ' k section. i> 

solvent like water, which was considered ... the | 

an example of this. ,..isc, eoiicerns means for 

An important part ol the studs " mentioned the methods 

separating them. Among these may be 

depending upon: 

(i) diffusion; 

(ii) liquefaction; 

(iii) solubility in liquids; 

(iv) chemical methods. . mentioned in Chapter 2 

Separation of gases by di1fu*io 1 * tj n ,, the i*.otope*ol neon. 

(page 25) and is referred to as a nican^o ^ I • ^ discussed (page 41). 
and the separation of liquid air iu. mentioned in describing 

Further applications of this method i ' , h , removal of 

the separation of the Inert Gases I^ j j n the Uabei 

ammonia from the unchanged in *g 

process (page 401) is another ' .* () j the atmosphere results in 

The differential solubility of tl . j n „ ricliei m oxygen than 

** air" which has been dissolved m watu hung 
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ordinary air (see § 14 above). Mallet proposed to separate oxygen 
from atmospheric air in this way. If the carbon dioxide be removed 
by passng the air through an aqueous solution of sodium hydroxide, 
the oxygen and nitrogen in the remaining gases after the first absorp¬ 
tion will be nearly in the proportion: nitrogen 65-7 per cent., and 
oxygen 34-3 per cent. If this mixture be driven from the water by 
boiling, and the mixture again treated with air-free water, a gaseous 
mixture containing 49 per cent, of oxygen is obtained; and after the 
eighth absorption, a gas containing 98 per cent, of oxygen results. 
The method is not practicable, though it is an interesting application 
of Henry's and Dalton's Laws. 

The separation of gases by chemical means is used in gas analysis. 
(Cf. pages 110, 549.) Thus carbon dioxide is removed from admixture 
with other gases by means of concentrated potassium hydroxide solu¬ 
tion, and nitric oxide by means of ferrous sulphate solution. In these 
cases the gas removed can be recovered, and so a true separation is 
effected. Sometimes the gas removed chemically cannot be recovered 
directly; for example, oxygen removed by alkaline pyrogallol, or 
nitrogen by heated magnesium or calcium carbide. (Cf. page 553.) 


§ 16 Crystals 

A solid homogeneous substance may exist as an amorphous body or 
as a crystalline one, and in the great majority of cases solid substances 
are found to be made up of aggregates of crystals 

A crystal in this sense is a solid which has a definite geometrical 
shape, with flat faces and sharp edges. A solid which has no definite 
shape and which cannot be obtained in the form of crystals is called 
amorphous, e.g., glass or Hint. Many substances, however, which 
were once thought to be amorphous, are now known to be made up of 
exceedingly small crystals. Every crystalline substance of definite 
chemical composition has a specific crystalline form characteristic 
of that substance. I his is sometimes called R. J. Haiiy’s Law. The 
f‘ ,cis ° ! : . VM *ls» of the same substance may vary in size and shape; 
n crystal* possess the same chemical composition, and are 
’cmpcrature. the interfacial angle> have the same numerical 
: » other words the angles between similar faces of crystals 
substance arc precisely the same, and are characteristic 
-u: st ance I his law " was first announced by D. Guglielmimi 


but 

at tiv 

of l ne 
rf i in; 


i. • .'ii, 

y :i c 
u rat 

• ■ i 

n« *w 1: 


.in* crv'-talhnc form of a substance is not 
•‘•’re po-ition nor by the sizes of the faces of 
dimensions of the interfacial angles. 
i.K sc to speak, may persist while the 






' :1c v i \ 4aIs may be truncated and bevelled, 
I » spite of these variations, the crystals of 


a.iys ictain its fundamental form. Different sub- 
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stances may have a similar chemical composition and different inter¬ 
facial angles. , 

This is an essential property of crys ais. that o{ cleavagt . 

Another characteristic property definite directions or plane-1 

Many crystals tend to split along «rtaan dch.nte O.rec ^ 

which are called cleavage planes. .• ’ they are not. An interest- 
faces of the original crystal, bu s property of cleavage is in the 

ing example of the application o I > n , fi ar d but can be 

"cutting” of diamonds. Diamonds are in tense i^^ ThU property 

split along the natural cleavage P _*■ t | ie development of our 

of cleavage has had an important bearing on 

knowledge of crystal structure. 

S 17 The Classification of Crystals 

* . , j u.. different substances, each 

The great variety of crystals ^^nine form or forms (character- 
substance having a characteristi . classified into seven systems 

ized by the interfacial angles) hau m specia | branch of lienee 

and thirty-two types. The study o poss jble here to indicate the 

known as crystallography, and i . 

general principles on which it i> >as< - n | x . rs ( ,1 each of the seven 
Certain qualities are peculiar to t uk can be arranged, l or 

systems into which the great vane \ « . ‘ s arc c l,arai terMic. A 

instAnr^ the Dianes of symmetry o ‘ ( hvide> the crv»la! 


mirror is the equivalent of a plane ««,//Yd symmetry ; three are mm 
chloride, for example, has nine ■ yUw * ohl linr( i bv taking plane* 
cated in Fig. 10.8, and six others* ; . { ht . crystal «f gypsum, 

diagonally through three facer* o <^ an d a crystal of /-in* 
Fig. 10.9, has only one plan** ° jo.in, 

sulphate has three planes of syrnnu 



Fig. 10.8. 
Sodium Chloride 
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Then again, a crystal may be rotated about a definite axis through 
an angle, such that the faces, edges, and corners are brought into similar 
or symmetrical positions, and the aspect of the crystal is the same as 
before rotation. The axes of rotation are then called axes of symmetry. 
Thus we speak of dyad, triad, tetrad, and hexad axes of symmetry 
according as there are 2, 3, 4, or 6 positions of symmetry during a 
complete rotation. Thus Fig. 10.11, A, represents a horizontal cross- 
section of a crystal with one hexad axis of symmetry, because during 
the rotation of the crystal about the axis 0, there are six positions 
where the original aspect of the crystal is the same. Fig. 10.11, 
B , C, D, respectively, denote tetrad, triad, and dyad axes of symmetry. 



A B C D 


Fig. 10.11.— Axes of Symmetry 

The classification of crystals is thus determined by their symmetry 
and not by the particular external form of a given crystal. The 
names of the seven systems, together with some of their characteristics 
and the names of representative examples of each type, are given 
below, and a series of photographs of real crystals of each type is given 
in Figs. 10.12 to 10.18. 


1. Triclinic system.—Crystals 



! 1G. in. IL* - < op; T Sulphate 

Trclink v. m 


of this system have no axes nor 
planes of symmetry. This system 
has also been designed the “ anor- 
thic," “ clino-rhornboidal,” " asym¬ 
metric," or the '* double oblique " 
system. 

Examples. — Potassium dichromate; 
upper sulphate—CuS0 4 .5H s O; calcium 
thiosulphate— CaS 2 O 3 .0H f O; boric acid ; 
potassium lerricyanidc: anhydrous man* 
g.mo>c sulphate; copper sclcnate; anor- 
thite—lime felspar; cryolite; etc. 


H. Monocinic 

• i niicii\ ' ». '’i* 

ill.?. Till;, VS\ 

1 ciinorhon.bic,*' 


'VsUai. Members of tl.is system have one plane of 
c> . ; i'xis of symmetry, <.»r both a plane and dyad 
;n been styled the " monosymmetric," 

oi the oblique " system. 
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Examples. — Borax — 
Na,B 4 0,.lOH t O; gypsum; fer¬ 
rous sulphate — FeSCV / H ). 
sodium carbonate — Na 2 C() 3 
10H a O; felspar — orthorlase 
sodium sulphate—Na*bt> 4 
IOH.O; ammonium magnesium 
sulphate — (NH 4 1 jS0 4 .Mr^ (, i 


OrlluKlaM \I 01101 linn system 

,1s mav have throe pianos o 
lutrv. This >v^'« «s some 
*• flu* ** nri-niatic 


s.—-Zim; sulphate 
l.o. magnesium 

I. 'm), 711 ..»«>»- 

,.tgni 'imn I’hos* 

II. Mgl* h'dl.o; 

xilpliaie: arago- 

.ip ii' -ilium or 
.,i t .. >ulphur from 
|..«r \ te**. sodium 
M hIiuiii phosphate 
11 O . iodine . 
nitrate; tailar 
,i.i"ium pernian- 

M p.i/ mari.i'ite, 
iu». rndviinte; 
xv l- id ■ ar Ik mate- 

.hide . •» irous Mil: 
, M >, 711.0. etc 


EnaMI IJ • 

—/nSOj <1 

sulphate- N 

iiionium n 
I li lt« ^ 
poia^iuin 
ml- anh> 
llvel ■'•llph 

■ ollltioll . 

«lsenate . ' 

Nall.l’O 

i.«»tavsium 


Fig. 10.14.—Barytes Kh< 

IV. Tetragonal system.— 1,11 
of this system may have \\\*‘ p - 1 
symmetry, one tetrad, and m«‘\ 
dyad axes of symmetry. * * 11 " 

is sometimes called the | > > ,,M 

" quadratic/* or the " ' 

system. 

lix A M PI.RS.—Klltlle; ca^iteMi'* • 
mercurous chloride; potassium <M 
nickel sulphate; potassium hydr--;' " 1 
— KII,P0 4 ; native lead iiiolvMate • 

S'Klium meta-anlimonile- N.i v o » 

hydrogen arsenate— K11 *Asl* * h 
strychnine sulphate, etc 


onal system 


I 
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V. Trigonal system.—The crystals of this system may have three 
planes of symmetry, one triad, and three dyad axes of symmetry. 
This system is sometimes called the “ rhombohedral ” system, and it is 
sometimes regarded as a special development of the hexagonal system. 

Exam ples.—S odium 
periodate — NaI0 4 .3H a 0; 
quartz; tourmaline; anti¬ 
mony; bismuth; calcite; 
ice; graphite; sodium nit¬ 
rate; arsenic; nickel sul¬ 
phide— millerite ; cinnabar; 
calcium chloride — CaCl s . 
OH jO; corundum; cadmium 
carbonate; bismuth iodide; 
lerrous carbonate; zinc 
carbonate; manganese car- 

Fic. 10.16.—Calcite. Trigonal system bonate; etc. 



VI. Hexagonal system.—Here the crystals may have seven planes 
of symmetry, one hexad. and six dyad axes of symmetry. 

Exam i* l e s .— 

Beryl ;apatitc ;cad- 
mium sulphide — 
g recn oc k i t c; cop j Hr i 
sulphide; lead io¬ 
dide; magnesium; 
beryllium; zinc; 
cadmium ;calcium; 
pyrrhotite; etc 

Fig. 10.17.—Apatite. Hexagonal system 



VII. Cubic system. -The crystals in this system may have nine 
planes of symmetry, .six dyad, three tetrad, and four triad axes of 
symmetry. I his - stem has been variously styled the “isometric,” 
regular. tesscr.d,” octahedral,” or the “ tessural ” system. 


I x amh (•.$.—Diamond potassium chloride; 
>pa:, iron pyrites; lead nitrate; magnetic 
a»Mnil trioxide; galena; garnet; ammonium 
bor.icite; non; platinum; lead; phosphorus; 
i :c. 


sodium chloride; alum; tluor- 
oxide ol iron; barium nitrate; 
chloroplatinate; silver chloride; 
gold; copper; silver; arsenic; 


§ IS Tin* Internal Structure of Crystals 


a:v n< 
. ■ e 


on! 1 

a. 


.i <Iev 


p.v 

; li l e 

ll ' 


ll ; 1 m # ' ,ic “hilarity ol their external shape, but 
MV *i a tiic*. ure. The properties ot crystals are 
... . I,!V ‘ ,iu l ns . rhe hardness, elasticity,' crushing 

>ermal. and electrical properties are 
llns means that the elasticity. refrac- 

• • ■ ! •til. bieino.j. I he external lorm ol crystals is their most 
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obtrusive characteristic and it « 

the geometrical shape is by no rota * ^ lw j c<troV cd. and yet the fragments 

l>ecause the external geometrical Jon • tlli . most perfect glass model of 

<lo not cease to be crystals. On C V” t , uncharacteristic internal properties of 
a crystal is not a crystal, because it lack> the 

crystals. • 



I - lu* m spar 


Py ritcs PvriU . s Cubic system 

F.g. 10.18-— Fluorspar and r lls can be 

It is cicar. as has been lung rM .** .Mr.uU-s arranue.'m 

.. 

forms, thus showing that the u , { \ w solid 

”ous to those of actual cry* av vl „i c *d tlu> ,,u *‘ 'mated »t the 

Bravaisin 184H modified |>v * IIM || partHk* mi.mi 

units " of Hatty's, models mn 


mi* " HaiyV model* were up.,. • ^ „ n|aim . IlU l ..due «, 

•The shapes ol cr°y^;ii u*™ 

^crystal ^appHcd to cut ^ •> «•* ^ rv » ,illl,,lc; 

^oi'o^m! ^ £ morl: •* hr- 




1,0 lir.’d —Space-lattice 
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centres of the geometrically shaped solids. In this way there results an open 
structure of small particles arranged in a lattice—such an arrangement being 
called a space lattice. We may further define a space-lattice as an arrangement 
of rows of points in three dimensions, in such a way as to form a series of cells, 
all consisting of parallclopipeds. A simple space-lattice and the corresponding 
Hauv's model are illustrated in Figs. 10.19 and 10.20. 

The work of Bravais and others has shown that 230 different space-lattices 
are theoretically possible, and that these will account for all the thirty-two classes 
(and seven systems) of crystals as ordinarily classified. It was further established 
that all the patterns of crystal faces found in actual substances could be explained 
on the assumption that all the crystals of any one system were constructed from 
space-lattices having the symmetry characteristic of that system. 


§ 19 X-rays and Crystal Structure 



The theory of crystal structure based on the idea of the space-lattice was 
worked out long before any means had been found for obtaining direct evidence 
for the internal structure of crystals. The application of X-rays to the problem 
by von Laue and by Friedrich and Knipping in 1912 was the first step towards 
the solution of this problem. 

In Chapter IX (page 129) it was pointed out that this work gave the first direct 
evidence of the nature of X-rays; it also resulted in our t>eing able to determine 
the internal structure of a great many crystalline substances. 

The phenomenon of diffraction is dealt with fully in text-books of physics, in 
which it is shown that when a beam of light strikes a series of very fine lines 
ruled regularlv on the surface of a metal or glass plate, each line acts as a fresh 

centre from which a secondarv 
train of light waves spreads out, 
or is. as we sav, diffracted. These 
diffracted rays “ interfere *’ both 
with each other ami with the 
original rays, causing enhance¬ 
ment of the light waves along 
certain definite directions. This 
prim iple is made use of in deter¬ 
mining the wave-length of ordin¬ 
ary light by meansof "diffraction 
gratings.” 

Nov. if the space-lattice theory 
"i crxstal structure be correct, 
tin- varioii* planes of particles in 
•he irystals should act in an 
analogous way upon light of 
.. u iitlv >horl wave-length. 

I was shown to In* the case by 
'•lie experiments of Laue, Fried- 
'h ami Knipping. who passed a 
pern i> of X rays through a suit- 
•d'It t rvit.il ami then allowed it 
fall on a photographic plate. 

I »g b‘.2l illustrates the result 
a one Mu h experiment; the black 
•nti.il spot caused by the unde- 
i laivd Im am of X-rays being sur¬ 
rounded by a pattern of spots 
, . u 11 h were easily shown to be 

i hai.n teristic of the type of ervs- 
*'• '• tal being used. 
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ii \v I bv using the crystal 

This process was modified by W. a 0 j x-rays through the crystal, 

as a reflection grating instead of passing the be am oi a ra> 

Fig. 10.22 illustrates the prin¬ 
ciple of the Bragg method. PA 
and PA' represent incident and 
•' reflected” rays from a point 
in the topmost lattice plane CP 
ol a crystal. EF and GH are two 
similar planes lower down in 
the crystal, the distance between 
successive planes being d. QB and 
QB' are incident and " reflected 

rays which have been diffracted _ , 

in the second lattice plane It -w. Reflection of X-rays from 

can easily be seen that the dilu r ' 

ence in the lengths of the paths .>/*> 0 - *-</ sin « llu-sc 

traversed by APA' and BQB is PQ + ( . _ ;, u . n lhl . d.flere.ice m path »> equal 
rays will interfere and reinforce each oU ur ^ 

to an integral number of hall wa\c-l ~ 

«X = Id hu »» 

. i and ,i is a small integer. By this 

where X = wave-length ot the m crystals can he compare 

means, therefore, the distances between I .. ^ on 

and measured. 



eans. tnerciore. uic- ubmi—- — , .. n 

id measured. which the results ol expenmen > V 

For a full discussion ol the way Ration of the details of cr> > j ft 

these principles have been used for . ur oll the X-ray |o \ v 

tures suitable works on physic a ^ inu . ol the conclusion- , i‘ K . t . n 

must be consulted; but a sum ma deduced space-lattice t iy t 

In the first place, the mathemat»ca|l> ^ t| ». al ol .n.onnat.on has 

completely confirmed ; and. in a« < ■ . nv compound- „„,ts irom 

obtained L to the mode of c<)mb»na H n d . h a. that tin ,r 

In the case of rock salt, for example.Jt , » ^ Ml «hI.u... 
which the lattice is built up arc | •* liU) °i >"di 1 • (|| t | lt . 

atoms (or more probably ,ons :~ st ‘ l . m |, showed that in " r, - ,,n d» J oM)x|sU ,i 

This result followed from evidence w „ lam ) ol the -p y • kiniU 

crystal the planes (actually the octalicdr,■ M u , w| alu, naielv «l«|; 
of particles all of the same kind * pass from p 1 - 1 ,c \ s )„,v 


yscai cne pidim 

particles all of the same kind in a g 



ur 

to 
l ig 


Fig. 10.23.—Structure of Rock-salt 
Crystal 


. * | con < lu-ioti is thus 

. . 

apartKul.ii ,ntJ C lU ,ndcd the investtga- 
Similar y-ul - |, u t m such a 

wh,ch lhc 


,| loll-. ^ ■** ... 

calcium carbonate. 


Crysta 1 ol rock y» 11 v < ' u . nt ‘|,„ks. as explained 

These are substances which are heW>^ un.teJ by -valent hah. 

in the preceding chapter Compound 
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are found to have a different type of unit making up the lattice. Two types 
have been distinguished, viz., that in which the unit is the molecule, and that 
in which the crystal is a kind of giant molecule. 

The first is the most usual type, and since a molecule whose atoms arc, of 
course, covalently linked, would not be expected to show very great attraction 
lor similar molecules, we should expect the crystals to be much softer and more 
readily fusible than those of salts where the units are held together by powerful 
electrostatic forces. This is. in fact, the case: crystals of covalent compounds 
such as benzene and sulphur are much softer and melt at a much lower tempera¬ 
ture than those of salts like sodium chloride 

In the giant molecule type of crystal every atom is chemically combined by a 
covalent linkage to the next. Example's of this type arc the diamond (the 
internal structure of which is illustrated in Fig. Ml.4. page 330) and aluminium 
oxide after ignition It would be expected that crystals built up on this kind of 
plan would be hard and very difficult to fuse, and the examples quoted confirm 
tins expectation. 



CHAPTER 11 

PROPERTIES OF DILUTE SOLUTIONS 

The act of dilution is probab.y cl^cal ^ and 

place, but is probably analogous to the „ K . „ ir f at e ..1 the so nl. and 

proceeds from the detachment - lup.nl this is doubtless due 

their intermixture with those of the - h I \V G Tiuo.v 

to the impact of the moving nio c 15 , t hciiiKal philosophy: the 

The substitution of analogy for '« gu.de to now 

legitimate use of analogy is to conn 

experiments. — H. Davy. , r M ,incicnt to determine a 

Vague similarities in certain t"***™^ n ,„ shackled by hypolhcscs.- 
person who earnestly seeks for the truth anu 

J. Bergman. 

8 1 Diffusion in Liquids 

, t. <-.v c.Dix-r sulpliatc-bc placed 

Let a large crystal of a colourc sa ^ lrina i m k r of the jar be 

at the bottom of a tall glass c -, " , jVchoscn because the movements 
filled with water. The coloured >< , c( ,, H . j ar stand where 

of the resulting solution can x l * • tioii. etc. I he surface o 

it will not be disturbed bv eva|*>i™,i V enVwill ,H ' gradually obliterated, 
separation between the solid an I s un|((iriu t v throughout the whole 
in time, the coloured salt will di ■ advent v ins to be 

body of liquid. The diffusion » • j)( . an d ... it .* inferred 

analogous with the process <> 1 , K rnctual motion in all dire, tioii s, 

that the molecules of the liquid at I | , 1( . jjimsioii of tin- niolecul. > 
and that the protracted turn- occupi d l> dose packing of the 

of the dissolved salt in the liquid is 

molecules of the liquid. . vessel are dis.einitia e< ' • 

Just as the molecules of a gas j ... 0 f a .lid in solution scatt. 

restively large space, so arc the m^c> so. ^ th e nioUndes 

in a relatively large volume of soleU y ^ j( the solvent r. 

of the salt in solution could not J ( i) ( M1 |,stance dissolved 
absent, otherwise the analog) woU | (l V ei\ dose. ... 

solvent and a gas scattered in s| • ^ „ ||)f , a penneab < ]>a 

If the diffusion of gases be resist J the l Mrl,t V" 

between two gases, ap^«" 1)ar ti. ol a di.s..lve< sr b. • 


between two gases, a pi™-; ; " , rli , U ,..l a dissolved substance 

page 2 :i,. ItiseasytoshowthaMh^^.^^ 
exert a similar pressi 
and solvent so that 1 

tion of the molecules , nrm 

molecules of the dissolved *u *■ | U . r , jal «« ll«>pham\ a . 

A piece of the thinnest grade o X al)1 | bound tight > 

square, is folded over the end < ■ w are then immersed ... 

with string. The cellophane and m 


"easy to*show that the ,lu-solution 

pressure when a l«rt;U»n^ P|- a< free ere,da- 
that the partition oil ( lll( . free passage of the 

lecules of the solvent, but 
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water, when the cellophane softens and the string contracts, so making 
a water-tight joint. A quantity of a concentrated solution of cane 



sugar is placed in the tube and the whole is immersed 
in a vessel of water as in Fig. 11.1. The level of the 
solution in the tube is marked with gummed paper and 
the apparatus is allowed to stand overnight. In the 
morning the liquid in the tube will have risen by several 
centimetres. Water has obviously passed through the 
membrane into the sugar solution. 

The passage of water through a membrane in this manner is 
called osmosis—from the Greek wa^ioi (osihos), a push. The 
membrane permeable to the solvent, impermeable to the dis¬ 
solved substance, is called a scmipermcable membrane. The 
extra pressure exerted upon the membrane by the sugar solu¬ 
tion was styled, by \V. Plotter (1x77), " the osmotic pressure of 
the sugar solution." Solutions with the same osmotic pressure 
are said to be isosniolie or isotonic. 

$ 2 The Measurement of Osmotic Pressure 


VlK iii ^ cellophane membrane is unsatisfactory when 
Illustration of cxact Measurements are required because, to a certain 
< ismotic Pressure extent, the results depend upon the nature of the 
membrane; the membrane is not strong enough to 
withstand the great pressures developed by osmosis; and, most 
serious ol all. the membrane is not truly semipermeable, an appreciable 
amount of, say, sugar does actually pass through 
the membrane. It would therefore ho as profit¬ 
able to measure the pressure of a gas in a leaking 3 d 

vessel as to try to measure the osmotic pressure ^ --— ^ | 

«d a solution with a membrane wh»« h allows part j | 

of the dissolved substance to pass through. We pi e °Wax '• 

therefore fall back on artificially pr* : red mem- B -j / 
branes No mbrane has 1 i >$uc- J.t C 

«v»hil as a film . i to: - ferrocvaniih* d- posited fl fe- 

in the walls of a pf-n.us t. h Jj. A 

•\ convenient \iu\ *Jt pit paring such a mem- \ 

brane (described in P. H. \di« ‘is b> take a clean - ^ 

tlrv porou*, pot A ! i . 11 J . ti\ed on to a wide ~ ij 
! >-' tub. l> by m« ms u 11 ,. ? ^ 

■" du n lt»wei«-:j ju*i • ut. solution of - - ~~ 

’ 1 -n.; . 1 I per P.t. potassium 




no. vamde sojiiti 
1 • :• «i| j*arat u> is u 
"• i ■ xhatisted, ai 
Vi ral dav> in t 

; -.li h • pot. I b. 

at atmosph. i 


• ’It. solution of ILaJ-‘ 

• 't't. potassium I 

the pot. The ... 

i , 1 ig 11.2, 

Mva>urc*mi*nt ot 
. l icai .no Osmotic Pressure* 

s »ove air from tin* 

» .d >w • to stand in more dilute 
* * ’ 1 r, ‘ 1,1 three weeks. The mano- 
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meterC is attached by sealing it on to the tube D. itself joined on to H 
The solution is introduced through the top of D. which is then sealed 
off 

By means of apparatus such as this, Pfeifer obtained results which, 
although not of the order of accuracy now obtainable, were yet suffi¬ 
ciently accurate to enable Van t Hoff in 1887 to develop a theory of 
dilute solutions which has been, and is. of the highest importance (see 

§ 3 on next page). c 

The technique ot the measurement of osmotic pres¬ 
sure with a high degree of accuracy and in concen¬ 
trated solutions has been developed more recently b\ 

Morse and Frazer and their collaborators in America 
and by Berkeley and. Hartley in England. 

Morse and Frazer (1011) employed in essence 
Pfeffcr's method, using the most elaborate precautions 
to obtain porous pots of uniform texture, and to pro¬ 
duce very perfect membranes. For very high pressures 
they utilized the apparatus shown in Fig. 1 l.J. i ,,c,r 
membranes were obtained in the follow,ng manner 
The cell was tilled with a very dilute solution ol 
lithium sulphate and immersed in a similar solution, 
and an electric current was passed. In this wa> a c - 
was removed from the pores of the cell. After wash¬ 
ing it was filled with potassium fcrrocvanide *oluDon 
and placed in a solution of copper sulphate. A platinum 
cathode was placed inside the pot and a copper anode 
in the copper sulphate solution. A curre nt was passed 
so that the copper and fcrroc>an,de ions were dri\« 
towards each other in the walls of the pot. 

In Plotter's experiments, and their own earlier rk A 
the solution was placed in the porous pot whu.1. a 
surrounded by solvent. The pressure thus 1 cm lopcx 
inside the pot and was so directed outturn > * 

easily be realized that the membrane would U a»»k 
to withstand a higher pressure in the reverse direction, 
for here the principle of the arcli is m\o se< . 

The apparatus show n ,n F,g. 11 de 

principle. The porous pot A is hrml\ c a i | • 

the bronze cylinder H into which the *. t 

was securely fixed. The solution was 
the porous pot (in the walls of x ' ,,,cl> K . . |j v 
was deposited) and the pot was kept lull » « 

means of this apparatus pressures as men . ' - F,«. 11.3.—Osmotic 

atmospheres were successfully measure* . .... pressure Apparatus 

The manometer us "'^""^ire «’.“ immerx-.l' Tin- ilra/.r ami Mynckl 
oil in which a resistance wire was u , 

electrical resistance of this wire was 1S x ‘ av V erv high pressures could 

proportional to the pressure exert* f £ J «h. urnug. 

be measured without appreciable dd .|<nnn was esseiiliallv dillerent 

The method employed by Berkeley ami H. rtk> • , tlu . passage ..I 



the solution until the direction of ,,0 ' s OI ll " winch is just sullieieii* 

the pressure at the turning point, tha is. osmotic pressure, 

to prevent the inward How of solvent, is taken as the os.n I 
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§ 3 Van’t Hoff's Theory of Dilute Solutions 

In § 1 of this chapter reference was made to the analogy which 
seems to exist between the behaviour of gases and the behaviour of 
substances in solution. After Pfeffer had published the results of his 
experiments on the determination of osmotic pressure, J. H. van't Hoff 
developed this analogy very considerably. 

Examination of Pieffer’s results showed that (i) the osmotic pressures 
of different solutions of the same solute are proportional to the con¬ 
centration of the solutions, at a fixed temperature; and (ii) the osmotic 
pressure of a solution of fixed concentration is proportional to the 
absolute temperature. These conclusions were used and developed by 
J. H. van’t Hoff (1885). They may be expressed in the form; 



where P = osmotic pressure of the solution 
C = concentration of the solution 
T = absolute temperature 
and K = a constant. 


Since the concentration is inversely proportional to the volume of 
the solution for a given mass of solute, this may be rewritten: 

PV = KT 

where V ~ volume of solution in which a given amount of solute is 
dissolved. 

If now in this expression we substitute the values for P and V, 
obtained by experiment at a ghen temperature (f being now expressed 
as Ue volume of solution conl-imag one gram-molecular weight of 
M.lute) we can find the value of K. I sing the results obtained, for 
example. In I H rllcy, this gives a value lor K equal to 

v.nltm 1 cent, ofthe value ol the ga. eon.taut R, calculated from 
l: ' :l ?‘ R1 for the case ... , gas (cl. page 18). We 

• ‘ equation foi a dilute solution in the 

1 K ll>l 1 ■ " ,I 1 " ts - a* ’-lie case ot gram-molecules of solute as 

PV itRT. 


.1 II Van't 

' ' I ’ ; 


•»ss; 


o' y 


i 


... u 

»lu: “v-* 


i is ;rial 


s mrtiier, to justify theanalogv 
1 •" M )hrions on theoretical grounds 
' •» ' and the conception of the 
d 11 the important conclusion 
’ V,, - M :s equal to the pressure which 
* in the gaseous state if it then 
•* ot the solution. 

vmiU expressed in the equation 

ihe osmotic pressure is propor- 
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tional to the number of gram-molecular weights ol solute dissolved in 
a given bulk of solution, or in other word*, cquimolecular solutions 
of all substances have the same osmotic pressure.-' Osmotic pressure 
is thus what is called a colligative property, that is, a property which 
depends on the number of particles present and not on the kind of 
particles. It will thus furnish us with a method for the determination 
of molecular weights, and although the manipulative dilticultica in¬ 
volved in the accurate measurement of osmotic pressures cause the 
method to be but rarely used, it provides the theoretical basis, never¬ 
theless, for some of the most important and widely used methods 
for the determination of molecular weights in solution (see below 
§§5,6,7. 8). 

It is. however, important to notice that just as the equation PI 
equation for a perfect gas. to the behaviour ol «h«ch actual g.r *itli 
different degrees of closcnc»s, none bvinu absoluteh ^ \.u . * [ I , * 

of the corresponding equation to solution- the equation vxpre- " *\ \ 

of an ideal solution to wh.< I. actual solutions uniform more or ^ 
tions which occur arc probable to be accounted foi m a ma « 
of gases, viz.: 

(i) attraction between the molecules of the solute 

(ii) attraction between molecules of the solute and solve . 

(ill) the volume ol molecules themselves. . ii,. |,j L .|, 

As in the case of gases, the divergence , v * ] 

pressure and small volume), and the simple \ an I I*ol r > > 
applicable to dilute solution- and within a ino<l« rate r.i < j elect ro¬ 

ts Already indicated, it requires modification when applied to solutions of t hetro 

lytes. (Cf. Chapter 12. page I SHI.I 


§ 4 Mechanism of Osmotic Pressure and Membrane Action 

The close analogy between the behavtou. of d.lute 
strateil by Van't Holf led naturally to the view that ' | n . . 

pressure arc brought alrout l>y similar '- 1 '-• *'.,.’1,,... ,11- ,.| Hie 

cules of the solute or gas of the semipermea ^natural «• avtinc that 

containing vessel respectively. At the same - • |t .-nvr whose 

the action of the semipvrineablc membrane - ■* n itrtf too small 

pores, while large enough to permit the pa^ag. of solve nt .non 
to allow of solute molecules passing through t ,< * m * , , . , , l ., rv as ihev 

These explanations are not now h it to /‘ ... of a 

stand, particularly as ,t has been shown th. sugar 

copper fcrrocyamde membrane is 100 ! ,ir ?\ |||t . I, .> the sugges- 

moleculc. This has led to various moduica • ^uil.u- ni to prevent 

tion that the pores are hydrated (or solvated) to an extent 

the passage of solute molecules 


Calendar's Theory 


Callendar"s vajrour pressure hypothesis (l!K)f„ is mu- «. «».. ..**«. 

e purely physical explanations of osnioin | >r< ‘ |Vssljr ,. () | .» solution < an be 

Experiment shows that the maximum *| 1 . ;il *, pjj |, V varying 

tered in three ways: (I) bv altering th'* 1 1,1 1 M .' r „ pressiue under which 

e concentration of the solution ; and (.b A 


altered in three ways: (1)1 
the concentration of the v « 
the liquid itself is confined 


me- uouiu icsen is couuucci . . i . 11.. r re«- 

* This statement is only true lorsoluti^ > r ' 

ponding behaviour of electrolytes is discussc > 
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I he relation between vapour pressure and osmotic pressure.—It has been 

ven VC ureat PC Iw^n^ tha * the maxmiu ™ va P°ur pressure of a solution under 
\ r> i^rtat pressures is rather greater than the maximum vapour pressure of 

the same solution under atmospheric pressures. Again, the vapour pressure of 
a dilution is less than the vapour pressure of the pure solvent Consequently 

in lJ mi T a 1 S ? ,U V, 0n bc suffic ' cnt| y augmented, the pressure of its vapour 
rZ' \ r q, M l ° \ he Vdpo,,r ** rcssure oi pure solvent under atmos- 

^n cVist sul^ bv u! ,S ln Q C ° n r! ti0n nvc ^ sary ,n ord « r that solution and solvent 
V • e ie^ Urn, thn^ff e 'l u,,,bnu 1 m - ,f t,C va P° ur P'^re of the solution 
briu.ii » !?' lhe , l ? U f C ? dvent * tl,c s > s ^m would not be in equili- 

[> 7.111 lx.cause vapour would distil from the solvent into the solution until the 

owl^Miu^mcs^re'Tin^r ^ Conversely, when a solution under its 

van7r j n ' , ’ P T u ,Vcnt are ,n equilibrium, .t follows that their 

pressu rcofa * solution* renrl» <p,a # accordin S to Callendar: The osmotic 

i T represcnts the external pressure which must be applied 

or lor to make its vapour pressure equal to that of the pure solvent With this 

Concentration . iso -in,. 

Observed osmotic pressure ! u-» Mi 8 4 i i } ^ (> ^"is P«r litre 

..rtrir"'; 1 '!. ,r - 14 ■ ^ 

upon ,hc « ° f the 

'* »° a P>«c«l by a large 

l.v ,!!l" r ' ,!"T\ ' u,,|, l osu ,llu ' ,|R - wpillary tubes are not 

solution can cute, the t ai.ilJaniV' Twd* thc so,v J nt nor the 

* apillai v tub- H,,t the v.L ,, ,Vr. .J. ! J .i 1 ‘ Can ^Wuse _through the 
tlu- « apillarv lulus in | rS N t 1 t i ^ * " :t ‘ s °bition on one side of one of 

HI . . ‘ : • ■ : ^ the solvent on the other 

, . ^Piilary and distil from the 

. .. ' th* pressure must nse and continue 

, '• •"ll.e solvcm ami solute are the same. This 

M>l ‘ ,,ud pressure of the solution.** 

.^ 5 Molecular W eight of Dissolved Substances 

’■ x 1 ‘ ^ ,V|,S ; 1,1 theory, a means of measur- 

the osmotic pressure of 
,,r nion buj.asexphunetl in g 3. this method 
II I'vm-r. «i dose relation docs exist 
‘ d a .solution and the lowering of the 
/ ; *’ • with ihat of the pure solvent, and 
' !»"'n pressure and the depression of the 
: ' :i ,,1 ‘‘ idling point, of a solution. 
Tjaiit ami widely used methods for 

• 'll weighs. 


\ .III* 

hi 

•ltit i 
S'- !t f *1 j 

1 • J \V» • . 

\ in. 

t ; 


!••• ii1.it wei 
•»n <*: knov. 
•r.n tii ah! 

' ’ A* ‘ OSlJ. 

I essiin* 

‘ tl 1 v« 

p»*-s! an 


hts 


- •'■"Mi. Pressure to the Vapour Pressure of a 

Aoluiion 


it. 

ii 


-:U'.io:i 


pr«> niu. f x 

•"ip* iu»i. iii.i!iv 


•*' 11 • pfis^urf of a solution is lower 
Milliner discovered the 
,,u ‘ lowering of the vapour pressure 


• proportional u, m. qu4l „ iu ''V'"*L ,ne Y a P our Pressure 

i oi substance in solution provided 
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that the dissolved substance is non-volatile. Tins ■> sometimes called Wtillncr s 

^Suppose a solution A, Fig. 11.4. confined in a long-stemmed tube, as illustrated 
in the diagram, to be separated by a scmipernuable mem- 11 

brane A# lrom the pure solvent. Let all be confined in a closer 
vessel. Osmotic pressure will force the solution to rise in the 
narrow tube to a height h. when the whole system is m 
equilibrium. Let p> denote the vapour pressure of the solution 
in the narrow tube, and p the vapour pressure of the solvent 
in the outer vessel. The vapour pressure of the solution at 
the surface in the narrow tube must be equal to the \ .ipour 
pressure of the solvent at the same level, otherwise distilla¬ 
tion would take place either to or from the surface oi me 
liquid in the narrow tube and there would be a constant 1 
of liquid respectively to or from the vessel A through 
scmipcrmeable membrane in order that It max have a ton 
stant value. Hence, the vapour pressure of solution ai l 
solvent at the upper level of the solution in the narrow u •« 
must be the same. The vapour pressure of the sown . 
the level a will be equal to the vapour pressure o the *» 
at the lower level b less the pressure of a column o U 
height h or p = p s + w. where w = the pressure ol a to , 
of vapour of height h. Since the height It is deternnned 

the osmotic pressure, which in turn is dcteimm-«_ rt)l H> r tionalitv between the 
concentration of the solution, there must be a s I I 1 of „ 1C vapour 

osmotic pressure or concentration of the solution and tlu 
pressure. ... , . .,,« l lt 

This relation is calculated as follows. We IJ " 

(>-p s ^ h X density of vapour 

= hr <**> > , . , . 

iii<‘ti nil'' gr.nn-inoleoile oi 

Now, if the vapour be assumed to obey tin* g*'- .,ii uu i,i,v a v«»liinu ‘ 

the vapour at a pressure p and absolute <• nip* •' 
given by: 



-.Solvent.' 


M 


Vic.. 114 


M 


/«’/ 

P 

\ 1/ 
It I 


hxdro-tallC pressure * 

,X the density «»l the 
..line .is that 


A the 


Arhere M is the molecular weight ol the 
Substituting the value ol p in the cqua»on 

P-P> * />•/ 

Now the osmotic pressure of the 
the column of liquid of height It. *«* tlia , tll 
solution, which for a dilute solution »‘ a > * 

•olvent. .. .. 

Substituting the value for h — ,n ..... 

/M//> 

P-P' /,/• 

P-r 

ol i, itt ' 

relative lowering ol the vapour pressure 

which gives us the relation between 1 
and the osmotic pressure of a solution. 
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For a given solvent, at a particular temperature. will be a constant, so 

that the relative lowering of the vapour pressure is proportional to the osmotic 
pressure. 

This relation clearly furnishes, at least in theory, a means for molecular weight 
determination since the osmotic pressure of a solution of given concentration is 
mvcrsely proportional to the molecular weight of the solute as we have seen 
This method for determining the molecular weight of a substance from direct 
measurements of the lowering of the vapour pressure is of great theoretical 
interest, but in practice the method is seldom employed, because some of the 
related properties of solutions are more amenable to accurate measurement. 

§ 7 Relation of Lowering of Vapour Pressure to the Boiling 
Point and Freezing Point of a Solution 

P revious chapter (page 158) it was pointed out that Blagden 
in 1/88 detected a relationship between the freezing point of a solution 
‘ ind1 lts concentration. This observation was extended by Raoult 
(I88J-4) who investigated both the depression of the freezing point 
and the elevation of the boiling point of a solvent owing to the presence 
of a dissolved substance. As a result of his experiments, he concluded 
that lor solutions of non-electrolytes the depression of the freezing 
point (or the rise in the boiling point) of a solvent is proportional to the 
number of molecules of the dissolved substance, and inversely propor¬ 
tional to the total number of molecules present. This important 
generalization was deduced empirically by Raoult, but can now be 
Men to have a theoretical basis. For the elevation of the boiling point, 
or lowering of the freezing point, are clearly related to the relative 
lowering of the vapour pressure of the solution, and from this Raoult's 
Law can readily be deduced. 

1 lie relative lowering ot the vapour pressure of a solution is propor¬ 
tional o the oMnotic pressure and hence, as we have seen, inversely 
> oportional to the inok-c alar weight of the solute. The boiling point 
[ . ^ ,n |. f> 1 11 h !n ^ raturv at "hirh tlie vapour pressure becomes 

’■ 1 ; here; while the freezing point of 
, \ M ” 1 ! r l ,: 1 ‘ T• iatun.: at which the vapour pressure of the 

r* ‘ -Ti n ‘ Sf ' hvm aro c< l ual ; Hence it follows that the 

, ' * i . and def r< >sion of the freezing point of. 

rs< b proportional to the molecular 

substance. 

A say that one gram-molecular 
1 1 giv< n w< ight (usually 1000 grams) 

: '" ot elevates the boiling point) 
solvent in question. This 
' ‘ ! the ft jzing (or boiling) point 

>r tUvati ii) ol the solvent, 
cnlar weight M be dissolved in 
moleeuiai depression (or elevation) is K, 

1 ' 1,000 grams of solvent depress the 

K/ ' Ut * O'* ‘•fesate the boiling) point bv K\ 1 


plains 

•■■■■ of a solve 
«■’ ! solute 
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/. Since the depression (or elevation) is proportional to the con¬ 
centration w grams of solute dissolved in 11 grams of solvent depress 

1000 Kh' . . 

the freezing (or elevate the boiling) point by - ^ /lf . ~ oegreeb. 

Then, if S = the observed depression (or elevation) 

1000 /vie 

' “ sir 

It can be shown thermodynamically that 

27- 

K = -— 

looo L 


where T is the freezing (or boiling, point on the absolute^ scale and 
L is the latent heat either of fusion or vapor.zat.on o th.i * p»‘- .„ 

If K be known, either from the results of direct j, jn 

calculation as above. M can be found by nK >' ’Miration 
freezing (or boiling point) of a solution of known concentration. 

§ 8 Practical Methods for Finding Molecular Weights 

Several methods for the determination ofg rou ,, of 
substances have been given in earhe « l • I osmotic 

methods dependent, as has just been ex 

properties of dilute solutions must nou * J - ^ 11K . tbo(ls available, 
a convenient place to summarize and * already, 

describing in detail those which have no wvi -ht may be ’found 

The different ways in which the mo eu.L.r ^ for 

differ in their applicability. . „'| a |>|<. t „,.,hods as follows: 

classification, so that we may divide, the ^ 

Methods available for f Regnaulfs method with ex- 

J u .,ision to evaluation of lunit- 

(1) Permanent Gases | jng densities 

• of l iniiias's and \ ii tor Meyers 

(2) Substances which vaporize « . » 

ordinary pressures, without de-* n « 

composition r Hoffmann s method. 

(3) Substances which decompose llfiioimw 

vaporized at ordinary pressure I 

Y f OstnolK pressuic. 

i • i .re, lnufriiii* ol vapoui pressure, 

(4) Non-volatile substances which a , ^ v;|tion (j f boiling point. 

soluble [depression ul freezing point. 

f Titration. . . 

.v J thermal decomposition ol 

(5) Bases (of known acidity) [ chloroplatinates. 

( Titration, . . f 

j thermal decomposition ol 
^ silver salts. 


(5) Bases (of known acidity) 


(0) Acids (of known basicity) 
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Regnault’s method has been described on page 20, Chapter 2, along 
with the Volumeter and Buoyancy methods, and the extension of the 
principle of molecular and atomic weight determination with a high 
degree of accuracy is discussed on page 103, Chaptu 6. 

The methods originated by Dumas, Victor Meyer and Hofmann 
are described on pages 70-73, Chapter 4. 


Osmotic Methods 

The methods named under heading (4) of our classification are all 
based either directly or indirectly upon the osmotic pressure of a 
solution, and the theoretical connection between them has been given. 

The actual determination of the osmotic pressure of a solution is a matter of 
considerable practical difficulty, and so is rarely used for molecular weight 
determinations in practice. Almost the only case of its use is in the determination 
of the so-called molecular weights of colloids. Methods employed for finding the 
osmotic pressures of solutions of substances like cane sugar have been described 
in $ 2 of the present chapter. 

I he measurement of the relative lowering of the vapour pressure of a solution 
is also beset with practical difficulties if attempted directly, and although it 
has been employed with a certain measure of success in the hands of Dieterici 
and 1- razor, it has not found wide application Apart from this work, in so far 
as vapour pressure methods have been used, an indirect method known as the 
air-saturation method has usually been employed 

llu* principle of the method depends upon the fact that if drv air be passed 
over or through a solution it will take up vapour to an extent proportional to 
the vapour pressure of the solution ; and if this air stream be now passed over, or 
through, a sample of the pure solvent it will take up a further quantity of vapour. 
!;rr ti n l a,, ! < : ,t l ? ,hc d ';^nce between the vapour pressure of the 

SO el h J!l a i °1 . SO Ut T . 11 th ° vessds containing the solution and the 
solv.in lw weighed before and alter the experiment, the loss in weight in each 

li 'at m , V '™ C ° rrv' va P our taken up by the air stream so 
that (mill the notation of $ 6 of this chapter) we have 

P loss of weight of solution 
/>- ps loss of weight of solvent 

By far tin* must impoii.mt and widclv used ol osmotic methods arc 

*VT < c l >c,l(knt “P°'* ill( elevation ot the boiling point or depression 
ol tlu* freezing point r 

it, f h ■!' rSt ro: ! ll f method lor evaluating the elevation of 

the boiling point ol , lotion was due to Beckman and consisted 

a.unng as accut i.-lj a> possible the boiling point of the pure 

r‘, ' >olu " on fonned by adding a known 

■ '° 11 *• " |!l " r ‘ ' Vl>1 ' taken to avoid error, but in spite 

‘ V"' IV ' ,d errors «lwc to the inherent difficulties 

< in',, '< >n ' ‘! S bl ” Krh ' : ; t,I 'S fluctuations due to radiation, etc. 

■ 'oted' ° Nin * oul 1 " experiment have accordingly been 

V. nen the <olo!;..n i., ;,. volatile solute boils, the vapour of the 

“v leadin'^ the V : Bus condition can be^stablished 

the solution U l? "•' V l '' s0,vcnt into ,lu ‘ solution. When 

.elutnm is at ding point, the vapour will pass through the 
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'///A 


WffijW 

7//m 


system without condensation, and if the solution is below this tem^ra- 
ture some vapour will condense, and the lateiit ea ^ 

will continue heating the solution until the boi mg P P rin- 

There is virtually no danger of superheat,ng the 

ciple has been employed successfully in measuring method onlv 
of solutions in molecular weight deter,ninations, lie nnthod onl> 

works well, however, if the solvent ha£ a large a 0 

tion. 

Among the various forms of apparatus 
which have been devised in order to 
apply this method, one of the most con¬ 
venient is that due to H. N. McCoy. 

This is illustrated diagrammatically in 
Fig. 11.5. The apparatus consists of a 
tube B, inside which is fitted a narrow ei 
tube .<4, graduated in cubic centimetres 
as shown. Sealed into the wall at a point 
near the bottom of A is the narrow tube 
ab. The graduated tube A is fitted wit i 
a cork carrying a Beckmann thermo¬ 
meter* graduated in r i„ths of a degree, 
while the side tube is attached to a 
condenser C as shown. 

To perform a determination, pure so - 
vent is placed in B, and 10-15 c.c. also i* 
placed in A, and B is heated. When tin 
solvent in B boils, the vapour rises and. 
surrounding A, thereby heats it. When lllt 
the vapour has risen far enough, it forces , lir 

its way through ah into the liquid tn • a s tcadv state i- 

and so raises this liquidI to the bo.l.n«! 1><> |k „l * ho purr 

pened aiui 



bo'.ImK-po.ni 


11 


*nu so raises mis iiquiu w ^ ----- j , , j| ilu , point o 

reached, the temperature (being that ( JS lh ,. n 0[ 

solvent) is recorded. Hie clip on the > , quantity of the sub- 

the heating stopped for the moment. . h j ^ t j l( ; n introduced 
stance whose molecular weight is to ><* < ' de termined a> above. 

i»y... 1 


into A and the boiling point of tin 
This time, however, after f u ‘ 

raised out of the solution, 
experiment can then be repeated if desir* 

further quantities of substance. ,i 1 .,i»rini,icd l>v mean 

Freezing-point depressions arc usuall> dtt.rn 


of 



set 

processes. 

bui 

80 that these differences »-«*•» - 9 r 

temperature between - 39* C. and JoO 
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Beckmann's apparatus, which is shown diagrammatically in Fig. 11.6. 
The tube A, Fig. 11.6, with a side neck B, is weighed, and about 
15 c.c. of the solvent are added, and the tube is weighed again. The 
Beckmann thermometer, reading to r J 5 th of a degree, and set so 

that the mercury is near the top of the scale 
when set for the freezing point of the solvent, 
has a reading lens L. The thermometer T and 
a stirrer 5 are placed in the solvent, and the 
whole arrangement is placed in a glass tube A, 
which serves as an air jacket. This is sur¬ 
rounded by a vessel D, of water or some liquid 
at a temperature about 5 below the freezing 
point of the solvent. This vessel is fitted with a 
stirrer S v The temperature recorded by the 
thermometer is allowed to fall until the solvent 
has supercooled; freezing is then started by 
vigorous stirring and the temperature rises to 
the freezing point proper. The thermometer 
should always be tapped before a reading is 
taken to make sure the mercury is not lagging 
1 behind. The highest point reached by the mer¬ 
cury in the thermometer is taken to be the 
freezing point of the solvent. Each determina¬ 
tion should 1 m* repeated two or three times and 
the successive observations should agree within 

• to 0*ui»3 . \\ h»*n the freezing point of the 
solvent Ih< ’ • r. determined, add a sufficient 
amount »!.. sul -tancc under investigation to 
eive a «don t} \ n 3 to G o 3 . After the 

in. ii* H kMiami 1111 |: ' < n determined again, find 

1 • • »•/ 4 il:, ‘ !•’ 'van • p-mit after adding a second and 

* l ’ u: l portion of the substance under 

• '*\v tigati"'* 

molecular weights of acids by either 
>n i »• I s '• 1 v*jvi.d> upon a knowledge of 
1 ' ■ f : « •!• it y <>l an acid (see page 313) 

*• 1 1 l| r ‘gcu atoms in one molecule 

1 ' . uisilvs i* known (see page 313 

•i' l ih.* funicular weight of the 
it which will react with a 
. ill; d; b\ means of a titration of 
iv *>i !.\ finding the weight of 
nnai salts. The latter method 
: i>:u .u ids which are usually 
- t. tor\ in a titration, 
i ^ pr» • • :s ilver. Since the silver 
*• i 313i, they are only sparingly 
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soluble in most cases and hence readily prepared by precipitation, and 
are decomposed by heat, leaving a res,due of metalhc silver.^ Hu 

process consists then in the preparation of a puri r\ 1 ... 

silver salt, a weighed portion of which ,s .gmted and the metallic 

silver residue is weighed. Ihe equivalent j , he|KC 

weight of salt containing 1 equivalent of silver + * 

. Molecular weight of acid = equivalent weight x basicity. 

The molecular weights of bases can be evaluated by 
analogous to the foregoing provided that the (_ • . , t) 

equivalents of an acid which are neutralized by 
of the base ,s known. As with acids, the 

applicable to inorganic bases; for organic ase s . iij IH . c |,i oro . 
fact that they form, like ammonia (cf. page ). .■ ‘ ^ H p t o 

platinates with platinic chloride of the ^' , K* al fon^ 
where B is a molecule of a mono-acid 

platinates decompose on heating, leaving nK *» JV t : |ntf /biing thu> 
of metal contained in a known weight ^ con " ned in 

determined. Then, the atomic weight of platinum 
one molecular weight of the salt, and there ore 

Molecular weight of base , 

Molecular weight ol salt - molec ular weight of H 


E *The"fo!lowiiig illustrate .he «.!»* - 

determination discussed in this section. density method are 

Examples of the application of he In n < mg nH , h „ds in 

given in Chapter 0 (page Iff**) ana 1 

Chapter 4 (pages 70-7! 1). . , 

. i § * M rut <7 „ itl of ortJioboru acid per hire has 

(1) An aqueous solution of 1-004/ * • J W hat is the molecular 

an osmotic pressure of 28-8 cm. of mercury at U 

weight of ihe acid ? , , _ 9*> 4 litres of solution will 

Since 1 gm.-molecule of a suhstai ’ -- ^ discover what 

exert an osmotic pressure of < tm- •' a , „ lis umperature will 
weight of boric acid dissolved in — 

have this osmotic pressure. • nrt . ssurc :>«H inm. at 15'. 

Since 1 0047 gm. in 1 litre has an osmotic pressure 

1-0047 gm. in 22-4 litres has an osmotic pressure ^ ( 1 
i.e., 1-0047 gm. in 22-4 litres has an osmotic P rcs ^ 

288 _Xj^ m _ at o° 


MODERN INORGANIC CHEMISTRY 


[Chap. 


. 1 0047 X 22-4 x 288 X 760 . 00 . ... 

and - gm. in 22*4 litres has an osmotic 

288 x 273 

pressure 760 mm. at 0°. 

= 62-63 gm. 

62-63 = molecular weight of boric acid. 

(2) When 108-24 gm. of mannitol were dissolved in 1000 gm. of water• 
the vapour pressure of the solution was found to be 17-354 mm. at 20°- 
At the same temperature the vapour pressure of water is 17-54 mm. Whaf 
is the molecular weight of mannitol ? 

It was shown on page 181 that P -— P - = —From this Raoult's 

p RTs 

Law can be deduced, viz.: 

P~ p* __ n 
p N -f n * 

where n = number of molecules of solute. 

:\ — number of molecules of solvent. 

Lor very dilute solutions this may be written: 

P ~ Pj = _ n_ 
p ~ N 

Then if w = weight of solute 
M — weight of solvent 
>n molecular weight of solute 
M - molecular weight of solvent 

we have: 


t~P 

P 


whence /;/ = — “ -V-A— 

mp-ps) 

>nb>iituting in this expression the values given, we have: 

. 1 OS-24 x IS x 17-54 

1000 X 0 186 

=■ 183-7 

molecular weight of mannitol. 

' '}■< P n - )U °f solution oj 0-1050 gm. uj a substance it 
• id to be 0100 higher than that of pure ether 
>.'inlar m ight of the substance ? ( Molecular elevation foi 
■ r )0utJg;/i. = 216 .) J 
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An elevation of 0100° was produced by dissolving in lo-84 gm. of 
ether, 0 1050 gm. of substance. 

an elevation of 2-16 c would be produced by dissolving in lo-84 gm. 

0 f e ther 01050 x 2 -2° gm . of substance 
0100 

i.e„ an elevation of 2-16° would be produced by dissolving in 1000 gm. 

of ether , 0 1050 X 2-16 xJOOg gm . o, substance. 

0100 X 15-84 

= 143-2 = molecular weight of substance. 

(4) The solution oj 0-022 gm. oj a substance in 40 gm of 
at -0-51°. What is the molecular weight oj the substance. ( - 

point constant for water = 1-858 for 1000 gm.) of water 

A depression of 0-51 c was produced by dissolving in 40 gm. of water. 

... A 7e 2 pSon f of “Swould be produced by dissolving in 40 gm. of 


water 


0-62 2 x 1-858 substance 


0-51 


i.c,. a depression of 1-858 would be produced by dissolving in 1000 gm 
0-622 X 1-858 X 1000 


of water 


gin. of substance 

0-51 X 40 

— 5(5-7 = molecular weight of substance. 


(5) On heating 0-3052 gm. oj the silver salt,,] anoretic ^„il ,,o 
further loss of weight occurred , there remained V-l\ -gm. of J 

basicity of the acid is 1. what is its molt i a ar at * 

0-172 gm. of silver is contained in 0-3652 gm. of salt 

. 0-3052 x JO* o( salt 
/. 108 gm. of silver is contained in 

~ 229*3 gm. 

^ molecular weight of the salt since 
the acid is monobasic. 

Therefore, if A/ = moleculai V/i.^moloc'ilar weight of the 

220-3- 108 + 1 = 122-3, lor A l wJl be he m 

salt less the atomic weight of silver, plus 

(6) 0-7010 gm. of the chloroplatimitc weight of 

0-2303 gm. of platinum on heating. Latent* 


the base 
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Since 0-2303 gm. of platinum is contained in 0*7010 gm. of chloro- 
platinate, 

195 gm. of platinum are contained in ^ - 701 ° X 195 gm. of chloro- 

0-2303 

platinate 

= 594-2 gm. 

This is the molecular weight of the salt B 2 H 2 PtCl e 
The molecular weight of B 

594*2 - 409-9 

2 

= 92*1 

410 being the molecular weight of H 2 PtCl 6 . 


§ 9 Abnormal Molecular Weights 

It will be evident from an inspection of the list of methods for 
measuring molecular weights given on page 183 that in many cases 
two or more methods can be employed for the same substance. Thus 
for example, the molecular weight of iodine can be found either by one 
of the vapour density methods, or by the raising of the boiling point 

or depression of the freezing point of its solution in a suitable solvent 
e.g., ether. ' 


In many instances the results obtained by ditferent methods show 
a satisfactory agreement; but there are a number of cases where the 
value lor the molecular weight comes out either very much higher or 
very much lower than would have been expected." Such molecular 
weights :ue called abnormal molecular weights. 

Thus tor example, the vapour density of acetic acid at 250* indi¬ 
cate. a moh . ular weight of (10. whirl, is in agreement with the formula 
\vhtch has h, ee, ., Ugned to it on chemical grounds But investigation 
'!'<■"<>! acetic acid on t!.< Ircezing point of benzene leads to 
a value tor the molecular weight v. ry near to 120. That is to say. the 
’ >M ry ed depri.-si ■ the freezing point, and hence the osmotic pres- 

; •' « n| y half of what would be expected, 

i.uinhrr of molecui. present in the solution must be 
appt *. My ha.’ of what was anticipated. 

explr.iued on th< assumption that acetic acid and 
n. mining a Ida* behaviour undergo association; that 
: ,r molecules have combined to form a larger 

1 the depression of the freezing point 

• •: p.ienom t.opj can be used in order to calculate the 



pressures (and hence elevations of the 
v,: 01 die freezing point) are observed prin- 

l,K? casc ol M>,ul,on? alkalis and salts. All acids and 


1 
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solution in water, whereas in mas: 1 density data 

what is to be expected from th® chemical e\ ,aeiice, ^ ^ ^ ^ 

and so forth, l'or example, hyd mcnts or f rom effusion 

determined from absolute de " sl o)e ‘ cular weight of about 30-5; 
experiments, corresponding to . k solutions in water 

whereas as calculated from thefeezingi pomt o^jts g ^ ^ 

its molecular weight ** ^ *° , ^—the development of this theme, 
converse of association is taking pi 
however, belongs to the next chapter. 



CHAPTER 12 


ELECTROLYSIS AND THE ELECTROLYTIC 
DISSOCIATION THEORY 

I lie electricity which decomposes, and that which is evolved by the decomposi¬ 
tion of a certain quantity ol matter, are the same.- M. Faraday. 

In framing hypotheses we must see that they agree with facts; in other respects 
they may lie as inconceivable (not self-contradictory) as anv fairy tale.— 
M. M. 1*. Muir. 


$ 1 The Conduction of Electricity in Liquids 

I iie fact that a current ol electricity will pass through materials such 
as copper wire has become a commonplace of everyday life; and further, 
it is well known that, whereas some substances such as copper (or, in 
fart, metals generally) will allow such a current to flow, others, as for 
example glass or rubber, will not do so. The former are called con¬ 
ductors: the latter insulators or non-conductors. 

In a similar way. when we come to investigate the behaviour of 
solutions, we find that some will conduct a current, while some will 
111,1 | so * substances whose solutions arc conductors are called 

electrolytes; those whose solutions are non-conductors are termed 
non-electrolytes. 


Investigation ol the phenomena associated with the passage of 
electricity through solutions of electrolytes shows that they differ 
ni.irlo-dlv ln»ni the corresponding behaviour of metallic conductors. 
Mins metallic conductors do nm appear to undergo any chemical 
< langr due to the passage of a current, whereas a solution of an 
electrolyte shows evidence of chemical action, for gases arc often 
liberated and other chemical changes can be observed. 

• -’live of electricity such as an accumulator be 
101111,41,4 1,1 f " : ’ l,;ll, n platen which an* immersed in a solution of 

cnpjier sulphati we see, as soon as the circuit is complete, that bubbles 
of gas appe.u on one ..j the platinum plates, viz., that which iscon- 

f »f i he ac< unmlatoi 1 he other plate begins 
o turn pink .wur i . r ;! deposition ol a thin film upon it. Investiga- 

s, ‘"' vs ,l * ' “ °\vg. n and the pink film is copper. If the 

* 'i 1 1 ' ' ” f * ' ,nr >* sulfuient length of time, the blue 

\\ , , M V 1 , ' : 1 ' gradually and a solution of sulphuric 
] ( Ul from whi h tlu oxygen is being liberated 

r :"‘- ' •c iv o: the experiment, in copper sulphate 

M \ ° n l , 0, , n '. liS P* ■, the pot itself being immersed in 

iin mi S f U1 !h.t plate also clips, we shall 
V , u . 1 * : f crr.it il round this plate. Clearly, con- 

sKlerable chenmai c„ v , , are taking place, but the process liffers 

11*2 
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from ordinary cases of chemical curren^of electricity 

is necessary in order to bring the : hjch mav be separated by 

change make their appearance at i»ints «hicn mj curront 

a considerable distance his P h ju rcsu Hing chemical change- 

through a solution of an e !* ct ™A otht . r conductors dipping into 
is called electrolysis, ami foe P ates or^owe and , eaves it are 

the solution bv means of whic which the current enters the 

known as Mto TheShiSTttto£.«l» «*!«*■ The 
solution is termed the anode. that > . {h U >iUc negative<? lectrode. 

anode is thus the positive electrode, and the ounowti . liquids ; 

Phenomena akin to those justJcscnbed occur > or {usc , d 

these liquids being either solutions of acids. 

compounds, such as alkalis an >a s - consist of two portions, an 

It is noticeable that such and the process of 

acidic radical and a basic rad ' cal ^ t } wo b halves and cause them to 
electrolysis appears to bepara radical appears to be liberated 

appear at the electrodes. The^ acidicPJ^ These two parts 
at the anode, and the basic « . p arac j a y, those which apptar 

of the substance were * A 'those which are liberated at the 

at the anode being called anio , 

cathode, cations. 

* 2 Faraday’S Laws of Electrolysis 

•nn<ulerable period that an electric 
It has been known for a wry c an< j application was made of 
current will decompose an < > ( ‘ ■^ ^ cclUurVf for it was by this 

“ s&. r , r 

importance which are known as I araday 

are: . .Womnosed is directly proportional to 

(1) the mass of substance ’’ h the solution: 

the quanUty of electricity passing throufc several electrolytes 

(2) when the same current J liberated arc proportional to 

ihp masses of each suosiaiwe 


one 

quantity 
any si 
silver, _ 

will be deposited by ~ | U p u» •••' "- c aua 

that Faraday’s Laws can be ^‘' n " U libcr ^ cd by the passage of %.494 
gram-equivalent of any substance > >f rkf(rK i,y is known as a 

coulombs of electricity. 1 "^ } * u (a j t |,c unit of capacity). 
Faraday (not to be confused with tm 

H 
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§ 3 The Mechanism of Electrolysis 

The first attempt to explain the phenomena of electrolysis was due 
to Grotthus who, in 1805, put forward his chain theory. He supposed 
that the passage of the current through the solution and the chemical 
decomposition accompanying it are brought about by the successive 
decomposition and recombination of the particles of the dissolved 
substance This is illustrated in Fig. 12.1, where A B represents a 
molecule of the electrolyte; A and B being oppositely charged “halves" 
ot it. According to this theory, as soon as the electrodes are connected 
up to a source of electricity the molecules are turned so as to arrange 



riG. u | 


•urottbus’s theory 


T Til' hne 1 12 »• Owing to the polarity of the 

„ , : ' rC , su PP° sc,i to hl ' attracted. Consider the attrac- 

■ s ' , , V ‘ ri " s *<’ li,s i( oR the ! >art « to which it 

m t ^ l he ■ find,n 8 i,self free, attacks the molecule 

ne I s? 1 "' ° A This process goes on along the 

h s,r, ^, : s ;; 11 ■ 1 ; ■ r , K ; ; iurac,,d ,o ,hi «*** Strode. tL » 

electro , V 1 Thc P ar,s •' « attracted to the 

ninit t» K ‘ rat , ec ! a,uI lhe state represented by line II (Fig. 12 . 1 ) 

molecules 1 are V' tIie . same as at t,H> beginning except that the 

(dectrodes wU! roumL The ^traction of the 

chanties descrih *d u iVV ’ * aUSt l ^‘ ,n to turn over and the sequence of 
nanges described will be repeated (line III) 1 

shown th7o > iin!' ( T rOUhUS to !* «P « as it had been 
r^rVv of tiS\to electrolytes. This means that all the 

solution and non ' i! »i !*. 'V* 1 * n overcoming the resistance of the 
by Grottbus's theory. * ,Ums ° the mo,ccu, es. as would be required 

to explain 1 Iwt! ^\ IS ° r ' * >LH n disproved, the next real attempt 
< \ lam cketii»1\was due to Clausius who. in 1857 suggested 

difference was'amiii 7t ‘ S S,>llt V 1 ’ mto * ons whether a potential 
‘ 1 * 1 ( ° 11 or ,l0 » an d that at all times there is in the 
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solution an equilibrium between these ions and the whole molecules 
of the electrolyte. These ions were supposed to be charged and. 
therefore, would travel towards one or other electrode when these are 
placed in the solution, there to be discharged and liberated as the 
ordinary products of electrolysis. Clausius, however, supposed that 
only a very minute proportion of the electrolyte was split up into ions. 

This theory of Clausius was satisfactory up to a point; but it made 
no real attempt at a quantitative explanation. The extension of 
Clausius's theory in this way is due to Arrhenius. 

The Theory of Electrolytic Dissociation, or the Ionic l heory as it is 
often called, as put forward by Arrhenius in 1887. supposes that all 
electrolytes are dissociated in greater or less degree in solution, the 
products of this dissociation being ions. These ions consist of atoms, 
or groups of atoms (the acidic or basic radicals of the dissolved sub¬ 
stance), carrying charges numerically equal to the valency of the 
radical in question. The total charge on the ions at any time will thus 
be algebraically equal to zero. The formation of these ions is con¬ 
sidered to be a partial and reversible process which is most nearly 

complete in very dilute solutions. . . . . 

The facts of electrolysis are readily accounted for by this theory. and 
Faraday’s Laws also. For the presence of the ions in the solution, quite 

apart from the insertion of electrodes, accounts for the fac, t ^ t th .® 
solution obeys Ohm’s Law, on the assumpt.on that the current is 
carried bv the movement of the ions to the electrodes. The appearance 
of the products of electrolysis at widely separate points (i.e.. at the 

electrodes) is also explained. ,*» 

If we assume that any univalent ion carries a charge of magnitude , 
since the current passes by the discharge of ions the quantity of 
electricity which passes through the solution will depend upon th< 
number of ions discharged. As each ion of the same valency carries 
the same charge, the current will be proportional to the number of 
ions discharged, and hence to the mass of substance liberated, llus 

is Faradav's I*irst Law of Electrolysis. 

A ouantitv of electricity e will be carried through the solution by 

auantitv of electricity will be involved in the discharge o! the ion 
Hence we see that, since the charge of an ion is equal to * t ni ?^ 
by the valency of the ion, the quantity of substance hberated by the 
passage of a current corresponding to c units will be equal to the weig 
En divided by its valency; that is. to one equivalent of the ion. 
tu; c Second Law in another form. w 

The lurlhe/ quantitative verification of the Ionic Theory by 

Arihenios <*^4-b“hc 

and ^(measurements of fhe'condncri.i.y 
of solutions at different dilutions. 
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§ 4 The Ionic Theory and Osmotic Phenomena 


Mention has been made in the preceding chapter (page 190) of the 
fact that solutions of acids, alkalis and salts show an abnormally high 
osmotic pressure, and hence give abnormally low values for the mole¬ 
cular weights of the dissolved substances. It is found that these 
abnormal values are a specific property of electrolytes, and Van’t Hoff 
in developing his theory of solution introduced a factor i (known as 
the Yan't Hoff Factor) into the equation PV = RT when this was to 
be applied to solutions of electrolytes so that it then read (for one 
gram-molecule of solute) 

PV = iRT. 


The value of / as determined from freezing-point measurements is 
found to vary with the dilution of the solution, and also with the 
nature of the solute, in a regular way. Thus, for sodium chloride and 
similar uni-univalcnt salts it has a value 1*8 approximately in moder¬ 
ately strong solutions, but increases with dilution to a value close to 
2 0 at high dilution. Sodium sulphate gives a value for j which similarly 
varies from 22 to approximately 3 0. 

1 his behaviour resembles that of certain gases whose vapour 
density is anomalously low in comparison with the value which would 
be anticipated from other evidence. Ammonium chloride vapour is a 
case in point (see page 408). 1 his result has been shown to be due to 
the dissociation of the ammonium chloride when in the vapour state 
into ammonia and hydrogen chloride. As the osmotic phenomena of 
solutions are seen to be. in general, analogous to the behaviour of gases, 
and in particular are colligative properties, Arrhenius suggested that 
the \ an t I lo|[ factor / was the result of the dissociation of molecules 
of electrolyte into ions giving more particles than in an ordinary solu¬ 
tion. I Inis, if 1 gram-molecule ot an electrolyte which dissociates into 
ii ions be dissolved in I litre of water, and if the fraction x of the 
molecules be dissociated, there will be in the solution l—x gram- 
molecule^ of undissociated electrolyte and n */ gram-molecules of ions. 

1 lure will thus be (l-x)-f >rx = I d- («- l)x gram-molecules of 
solute altogether. I lie depression of tin* freezing point of the solution 
"ill there foie be greater than if no dissociation had occurred in the 
ratio 


But this ratio is /, 


1 -h (>t- l)x: 1 
*' = 1 + (>i-l)x 


or x = 


i-l 

>i-l 


Applying the reasoning to a sodium chloride solution, for which 

1 = 18f) \ this wol,kl s, ‘.uge*t that the salt is 85 per cent, dissociated at 
this particular dilution. 

Arrhenius continued this view by a comparison of the values obtained 
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for i in various solutions with those for the electrical conductivity of 
similar solutions. For, according to him, the conductivriy of a solution 
is determined by the number of ions present, and so should sho 
close correspondence with the value of the factor i. 

§ 5 Measurement of the Conductivity of Solutions 

The problem of a suitable experimental t £ ch " ic J“* ‘ or jn fi ' a Jj 

conductivity of solutions was solved by Ko>i r :. , ,, u as been 
following years, and most of the important work in this field has been 

based on his methods. . . , , , . circuit it 

When a metallic conductor is included n , a " r f' C r ' '! which resis- 
offers a certain resistance to the passage of j j { 

tance depends upon the length and cross-sect,on of the cmfactor 
as well as upon the material of which ,t is made The (alter Uc or is 
defined bv the specific resistance oi the material, wInch is tthe 
(usually measured in ohms*) of a cube of ' '^ ‘ f' ^ spe ifi 
are 1 cm. long. The reciprocal of thl V l ’ , ?;’! 1 ;!L ^ mL tXla- 
conductivity and is measured m " , oy (he rcs i s t a „ce of 

stjsss ’«•»'-.-»-■*» 

,h z£2inc ti on te . r ™ 

that the conductivity of the former ^im thebns present, 

of the material between th ^ cl< ' c, [ ,>d ' f \ w , s „| u tions should be 

Hence, the comparison of the it^amouHts of solute, and the 

made with solutions containing cq * investigation of solutions is 
quantity most commonly employed defined as the conducting 

the equivalent conductivity. whu* « be* d in the solvent 

power of one gram-equivalent of t centimetre apart, form 

and placed in a cell whose opposite ^ COI ^, uc tivitv 

the electrodes. Otherwise ^I’^f^.’^Vtiie solution 1 cm. thick 

vss?i a ” y “* 

volume of solution which ^ntains 1 g ‘ m . tmK . s employed and repre- 
The term molecular , solution containing l gram- 

sents similarly the conduction s 

molecule of the solute, under the a jo . 

, hi tiviiv ol a solution thus depends. 

The determination ol the e<|Uivalen ' UnU (|| su |, llM ,„ ol known strength, 

primarily, upon finding tlu* resis ai i ‘ , distance apart. It is here that the 

between electrodes ol known area •» .sureinciit be carried out m the same 

principal difficulties arise, lor i " ■ current, electrolysis occurs with 

way for a metallic conductor, using a direct cur. 

•The international standard ohm is tin r* | S,S V 1 " C1 ( , mm. cross-section), 
mercury 100 3 cm. long and weighing I -I l t . 
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the liberation of gases which cause the setting up in the solution of a back electro¬ 
motive force (or polarization E.M.F.) which completely masks the resistance of 
the solution alone. This difficulty was surmounted by Kohlrauseh who used an 
alternating current from an induction coil, in conjunction with the ordinary 
\N heats tone Bridge arrangement for the measurement of resistance, the arrange¬ 
ment employed being sho.»n diagrammatically in Fig. 12.2. 



Fig 12.2.—Measurement of Conductivity of Electrolytes 


1 he terminals oi a source of alternating current / are connected as shown* 
>l ’ i ,S ,ru ^ c " m * ( u 'hich is usually one metre long and lies along a metre- 
SCa , U ,s a res,stance -box and V is a conductivity vessel containing the solution 
under examination On account of the use of alternating current, the null point 
on the \\ ire «an not be found by using a galvanometer as detecting instrument 
a- m tc ordinary Wheatstone Bridge arrangement: a telephone is therefore 

'"? ,rumc . n .^ the slidc r bein s “'ovrd until there is a minimum 
of sound in the telephone \\ hen this point has been found: 


ft l»i cl* 

", or V — l<. 

ac 


V 


cb 


where 1 — resistance of the solution 
and li — resistance in the resistance-box. 

V arious fornis of cell are employed m work of this kind. A type frequently 

!i > n ,UlHc ? 1 f Iass Vv5Scl w,th parallel platinized platinum 
them hv mean ? i .. ' >«to glass tubes and connection is made to 

With .! 1-ue ,,r : “7. ; ,u ; i ck ‘ c i r « 1 « ™ ck-ctrolytically coated before use 

bein ' therein- urn*•» 'l*”* ‘"‘\ v sharpness of the minimum in the telephone 
JJ "u ,Ch n ,n vr;v d Y* *'** position by means 

thermostat u , r ° ‘ vl V* ,ninat, on the whole cell is immersed in a 

ol ti nipi'rature " v a K,lutlon ,s markedly a fleeted by changes 

cu«‘"nTd«Th iT? ,,KlUCt, ° n -i 0 " wil1 »* «hc source ol alternating 
11 , " ,4 > *** noisy, and as it d<>es not give a reallv symmetrical 

aXnl.ionu’x^l^oMlhr''' ,H ‘ i “ ri/ *V ,on vn . tircl >- *'<* accurate work therefore 
Tile sIh. . 1 . 1 , ? nim ; a,,noM always used as the source ol A.C. 

.i centimetre MiViec ^ ' M p U 1,0,1 ,s * as xvc * laVl * the conductivity of 

tell will not be exactly V ' in general, the elcctrmles of a conductivity 

value'lletelrm im-d Vv .T ? rva ‘ ***">' » cm. apart so that the 

bv a fa« t<»r to cive in • V* 11 1 10 c,,nt l**ctivity will have to be multiplied 

only Z!" !h, d | ! s r ,M : :r n,lw< i! ,v,tv factor evidently depends 

conductivity m i| lt . ,.u i ' i ' * ^ Y ls ,,sl, ally determined bv finding the 

known TVcJv Ulsum' -^7 ^ 

Scti^. term 01 K, ' Wr “* h, » value, lor ,hc 



electrolytic dissociation theory 199 


12] ELECTROLYSIS and the 

< ”°?n'exact^measurements o. conductivity, 

“ has‘bcen found ^a« ord.^ry'dlt.ifod water 

SS W av% k S ron^^tyS foth^act that water is itself very 
slightly ionized: H , 0 ,*H. + OH- 

while°O at C of V ordinary i dist^hed > water a is^^uaU^in^he^neigldiourl'ood^of 3^to"(i 

X For"most conductivity work, a water car'eTul 

mho is employed This is known as equi . , otass j um permanganate, 

redistillation ol ordinary distilled water e block tin condenser 

then from a little barium hydroxide, and then 1'"^‘Vc-rv l.rpl, order of accuracy, 
in a stream of carbon dioxide-free air I o . • investigated, conductivity 

or when solutions of very low conductivity f * b “"?Xd atovc t only a part 
water proper is required. In the preparation described above H an<1 

of the water is condensed, and the remaindercoidua.v.U ^ fow as U-1 x 10- 

water can only be used when air is rigidly excluded 

§ 6 Equivalent Conductivity and Concentration-Kohlrausch's Law 

Kohlrausch found, on examining 

equivalent conductivities of "’ ith 

the equivalent conductivity of all ut > dilution the equivalent 
dilution; and further, that w.th .ncreasu * ' t > 0 as the 

conductivity tends towards a maximum, usua y 

equivalent conductivity at infinite dilution. . that t j u - 

Another generalization put. forward^ J 
equivalent conductivity at infinite di ;... t j s ) « h + la 

depending on the cation and one on\ t ■ dilution, and /., 

where > >co is the as Kohl- 

and lc are called the mobilities f . . th quantitative 

rausch’s Law, and has ar, important aW*™'™ 1 

development of the Ionic 1 he ?*; y ,. >y * cj liwI1 theory of Arrhenius, the 
According to the electrolytic arm-nds upon the number of ions 
equivalent conductivity of a soluti I llc ti V ity with dilution is 
present and the increase in eq undent C ^s2\l molecules which 
interpreted to mean that the proj . t | |C || in i t | M ing reached 

have become dissociated into ions ^ ))cjn} , s0 _ lhp degree 

when complete dissociation ha. ^ „ ivcn dilution will be given 

of ionization— represented 1> j t| J, ()f a solution of that degree 

^^ -lu^ivity of the same solute at 
infinite dilution (Aqo) or . 

Aw 

a == ")T = 

This ratio is often expressed in practice as a percentage. 
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Table XVI. —Degree of Dissociation from Freezing Point and 
Conductivity Measurements 


Substance 

Volume in 
litres, 
containing 

1 gm.-mol. 

i 

a-from 

freezing 

point 

a-from 

conduc¬ 

tivity 

Potassium 

200 

106 

0-96 

0-97 

chloride 

20 

1-88 

0-88 

0-90 

Potassium 

200 

1-90 

0-96 

0-95 

nitrate 

20 

1*85 

0-85 

0-87 

Hydrochloric 

200 

1-99 

0-99 

0-9S 

acid 

10 

1-91 

0-91 

0-92 

Nitric acid 

200 

1-97 

0-97 

0-98 


5 

1-87 

0-87 

0-92 

Sodium 

200 

1-99 

0-99 

0-96 

hydroxide 

20 

1-83 

0-83 

0-91 

Calcium 

20 

2-41 

0-70 

0-73 

nitrate 

10 

2-41 

0-70 

008 

Potassium 

40 

3 32 

0-58 

0-54 

ferrocyanidc 

10 

2-79 

0-45 

0-46 


I he value of the equivalent conductivity at infinite dilution can be 
obtained easily by extrapolation in the case of substances which show 
high equivalent conductivity at moderate dilutions (the so-called 
strong electrolytes); in the case of so-called weak electrolytes Kohl- 
rausch s Law is made use of, the component of the total conductivity 
due to each ion being determined from the equivalent conductivities 
of strong electrolytes derived from these ions. Thus, the conductivity 
of acetic acid at infinite dilution is calculated from the experimentally 
determined values for sodium acetate, hydrochloric acid and sodium 
chloride, which are all strong electrolytes: 

X oo (for sodium acetate) = 78-5 = / Na . -f- / Ac . . . (1) 

X oo (for hydrochloric acid) = 3804 = /„. + l cr . . (2) 

and X oo (for sodium chloride) = 109 0 = / Xa . + l a . (3) 
X 00 (for acetic acid) = /„. -{- / 0 . = ( 1 ) + ( 2 ) - ( 3 ) = 349 - 9 . 

1 he results obtained by Arrhenius for the degree of ionization of 
unions electrolytes at different degrees of dilution from calculations 
thus bast'd on conductivity measurements agreed extremely well with 
tne values deduced from the Van’t Hoff factor in the investigation of 
the osmotic properties of solutions (see $ 4 above). 
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J 7 Statement of the Electrolytic Dissociation Theory 

We are now in a position to summarize the principah^ 
theorv of electrolytic dissociation as put forward by . 

given acid. 

Evidence in Support of the Ionic Theory , ( 

(1) It provides a satisfactory explanation of the P c ^ ^ ^ 

electrolysis, both quantitaUvely an quality of ’ electricity 

enables the behaviour of voltaic cells in I 

to be explained (§ 10). . . . nmductivitv o! solutions 

(2) It explains the increase he equivalent 

with increasing dilution, and also the d 1 

conductivity of solutions of differen <- ^ .- properties. Thus, lor 

(3) Solutions of electrolytes show add.m. properties ^ ^ 

instance, all copper salts 6 ive l) UL im j,. ir |y independent of the 
colour of permanganate soUi»>n sfAMc jn water give 

nature of the cation; al1 , are re adily explained by the 

characteristic reactions. 1 hese • . ( rue a nd uncoinbincd. 

existence in the solution of the respe exhibited by electrolytes 

(4) The - abnormal " osmotic P^^^SSgpoint) can be 

(high osmotic pressure, large deprc t with the results of 

accounted for, and are in quantitative agreum.u 

conductivity measurements. ,.#; e the heat evolved 

(5) The equivalent heat of neurahzabcm (. “ uivalent of an 

when 1 gram-equivalent of an acid i . This follows from 

alkali) is the same for all strong acids and bases- » 

the ionic theory, according to which water (which is 

an electrolyte) the process consis jt has a very low conduc- 
only very slightly ionized since 1 

tivity). Thus: H C1 ^ H’ + Cl' 

NaOH ^ Na‘ + OH' 

H + c- + + oh; - H,0 + Na + 

Reaction, between elee.rolyW » very »!**• .. ,b “ 

non-electrolytes are: usually slow. 0 j ions has also been tur- 

(7) Evidence in favour of th exis^ ^ ^ atom an< | the nature o 
nished by modern work on the s lt 0 ( the investigation of 

valency (sec page 147); and also by the 
the structure of crystals (page l »>;• 

H* 
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Evidence against the Ionic Theory 

Many objections have been levelled against the Ionic Theory; a 
natural enough circumstance in view of its startling nature, when first 
suggested. The following are some of the principal criticisms which 
have been urged against it: 

(1) The ions produced would be, in many cases, substances which 
would react with water, e.g., sodium. 

(2) The affinity between the different parts of the molecule (e.g., 
sodium and chlorine in sodium chloride) is very great; how can mere 
solution in water serve to separate them ? 

(3) If free ions are present in the solution as definite entities, it 
ought to be possible to separate them by diffusion or some other 
mechanical process. 

(4) Compounds like mercurous chloride, very prone to thermal 
dissociation (see Chapter 28, page 681), are not readily ionized; 
while compounds like calcium chloride, which resist thermal dissocia¬ 
tion, are readily ionized. Would not the Ionic Theory predict the 
opposite ? 

(5) \\ hy do not the ions which carry large charges recombine, being 
then held by the normal attraction between oppositely charged 

bodies ? 

These objections have been met to a large extent, the more so since 
some of them rest upon a confusion between the nature of an ion and 
an uncharged atom. 

rhus it was held from the start that a charged atom of sodium (i.e., 
a sodium ion) is very different from an uncharged sodium atom, and 
hence it does not react with water. The same answer was made to the 
objection that the affinity, for example, between the sodium and 
chlorine in sodium chloride was so great that mere solution would not 
separate them; since the separation required by the theory is into 
ions and not into the original atoms. 

1 his explanation is now felt to have even greater weight than was 
understood when it was first put forward, for according to modern 
views (( hapter 1*, page 147) the sodium atom very readily parts with 
«in electron to form a sodium ion which has the same electronic con¬ 
figuration as the very stable neon atom. Similarly, the chlorine atom 
very easily takes up an electron to reproduce the stable electronic con¬ 
figuration ol an argon atom. Furthermore, it has also been shown, as 
was suggested by Ostwald, that a large amount of energy is evolved in 
this process; that is, in the formation of an ion from an uncharged 
atom. 

We now know also that even in the crystal, substances like common 
salt exist in the form of ions, being held together by purely electro¬ 
static ton es. I he influence of these forces is weakened when exerted 
in a medium of high dielectric constant, for the work done in separating 
tv.o opposite electrical charges is inversely proportional to this con- 
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stant. Hence, the degree of ionization of a given substance should vary 
with the dielectric constant, and to a large extent this has; been'shown 
'by experiment to be the case. This answers objections (2) and (5) as 
water has a very high dielectric constant. This effect is, • 

masked in some instances by the property of the ions of combining 
with the solvent to an extent sufficient to give it the preponderating 
influence, thus accounting for the variations which have been obsel ^ cd 
from strict proportionality between dielectric constant and degree 

’^e'criticism that separation ought to be practicable has been met 
by pointing out that the electrical charges would tend to cause the 
ions P to arrange themselves in the solution ,n a . l l uasl || ter f n 
would make separation difficult, though not 1 P ' .jynj 
such a separation is believed to have been effected by Tolman (1JH) 
by centrifuging solutions of sodium, potassium an ». i c j IK j' 

when the ends of the tubes acquired charges u PM ,^. culnu iated 
presumably through the heavy iodide ions ha\ ing 
at one end This evidence has been questioned by « v ho have 
attributed the production of the charges to e - a | r 

electrical effects which can be produced by ra P . e | ec trolytic 

The lack of direct proportionality between thermal and electrolytic 

dissociation must also be ascribed to the difference in the nature ol 
these processes. Thermal dissociation produc JL r agitation 

molecules, presumably on account of the increa Theory Hut 

at higher temperatures as postulated by the KmeU: 1 heory. But 

ionization is brought about, as already mentioned 
Chapter 9, and above), by the placing of the^s purely 

high dielectric constant, thus weakening the magnitude ot pu > 
electrostatic forces which previously hold ic 

In consequence ol the objections work* out other theories to 

attempts have been made, from time * and the behaviour ol solutions 

explain the observed phenomena of clcctr y ■. ^ ^ U pon the assumption 

of electrolytes in general. These have usua > molecules of the solvent ol 

ol the formation of complexes by rc * c |*°" c of differing constitution, with the 
different degrees oi complexity, and he . jcs is tl»at of H. E Armstrong, 
molecules of the solute Notable among 11 h()|ds thc tlt .|d since, in spite of 

but so far the Electrolytic Dissociation T ; tio|1 ol the fundamental lacts 
difficulties, it affords the most consisten I 
which has so far been put forward. 

§8 Modern Developments and the Ionic Theory 

, _ tl# lorward bv Arrhenius has undergone 
In certain directions the theory as p hands of Debye. Httckel. and 

modification in recent years; principally ^ in thc attempt to meet two 

Onsager. These modifications have t>ec J> K w j c< , o( t j lc structure of tlu* atom 
difficulties, viz., first the fact that rno <|irn |>a « c 173) has shown that a 

and the nature of crystals (Chapter . . j |j c | d together only by electro 
crystal of an electrolyte consists alr<-.i( y .. j t j iC i^ w of Mass Action 

static forces; and secondly. the ?^"te£vtour ol strong electrolytes. 
(Chapter 16, page 238) to account lor thc btnaviou. 



204 MODERN INORGANIC CHEMISTRY [Chap. 

The former of these points to the view which is now put forward by Debye and 
lliickel of a theory of complete ionization, according to which it is concluded 
that solution of a salt in water involves merely the separation of the groups of 
pre-existent ions. The latter difficulty is also to some extent explicable by this 
hypothesis. The Law of Mass Action which, as will appear (Chapter 14), affords 
a quantitative explanation of many diverse chemical equilibria, when applied 
to electrolytes satisfactorily agrees with the results of experiment only for weak 
electrolytes; that is. electrolytes whose equivalent conductivity is but small at 
considerable dilutions. For strong electrolytes there is no semblance of agree¬ 
ment between experiment and theorv based upon the Arrhenius view of Electro¬ 
lytic Dissociation 

The Debye-Huckei Theory attempts to meet both these difficulties by postulat¬ 
ing. in the case of strong electrolytes, complete ionization at all dilutions Increase 
in the value of the Van't Hoff tactor i. i.e., in the osmotic activity of the solution, 
or of the equivalent conductivity, is ascribed not to increase in the number of 
the ions, but to an increase in what is termed the ionic activity. The mass law 
is based on the assumption that the various kinds of molecules concerned in a 
reaction are subject to no attractive or repulsive forces and that molecular 
collisions are due to chance. This assumption cannot be valid when the " mole¬ 
cules ’* in solution are charged particles. Hence, when the Law of Mass Action is 
applied to ions, the observed concentration, c. ol a given ion must be corrected 
to allow (or the electrical and other effects of the ions on one another. The 
correction factor, t, is termed the activity coefficient, and the corrected concentra¬ 
tion. the activity, a. for a given ion. so that a — cf. The activity is thus an effective 
concentration, the true " active mass “ of the mass law. 

Debye and Huckei examined the effect of electrical restraints on the conduc¬ 
tivity due to ions in a solution They supposed, as already stated, that there is 
complete ionization for strom* electrolytes and that the mobility of the ions is 
affected mainly by two kinds of electrical restraints 

The attractions between positive and negative ions will result in there being 
an excess of negative ions round each positive ion. and vice versa providing what 
they term an italic atmasphin round each ion (The arrangement thus suggested 
would be similar to that obtaining in a sodium chloride crystal—page 173.) When 
an ion begins to move under the influence of an applied potential difference, this 
ionic atmosphere has to Ik- renewed in front of the moving ion. while that behind 
it dies away It is suppox-d that the formation of the new atmosphere lags 
behind the decay of the old. the time interval being known as the relaxation time. 
I here will tlm-' always be an excess of ions of opposite sign to the moving ion 
behind it. which will cause its movement to be retarded. In addition, the 
applied potential difference will tend to move the ionic atmosphere itself in a 
directum opposite to that of the moving ion which will cause further retardation 
of the latter I licsc effects will he larger the greater the concentration, and so 
with increasing dilution, the speed ol a given ion, under a given potential gradient, 
will increase and with it the equivalent conductivity reaching a maximum at 
infinite dilution. 

As a result of their mathematical analysis of these effects, Debye and Huckei 
showed that the elfect of tin* retardations mentioned should be proportional to 
the square root of the concentration, i.e. 

a = - <*\/c 

where >. conductivity at concentration t and a is a constant. 

1 his thior. h is met with a certain measure of success when applied to dilute 
solm-on-, but it.s range of apple ability is very limited and it is evident that the 
t::« *iiv is far from complete It is now recognized that there is an element of 
trnrii in tile original electrolytic theory, and that as our knowledge grows, 
attempts to apply that theory to the facts will approach closer and closer to a 
more complete explanation of those luiis 
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The Hydration of the Hydrogen Ion 

Another modification of the details ot the Electrolyl.c Theory.* 

put forward by Arrhenius, in consequence o hvdnted i e they 

is necessitated by the fact that.ions are 

carry with them a certain amount of <• conC entration of a non- 
tion has been shown by measuring the ch* g j G f e j ectro . 

electrolyte, present in the so jj* 10 ”,' for instance, in a 

lysis. Evidence has accumulated to . v .u: r h are oresent, 

solution of an acid it is not hydrogen lon V k no wn as hvdroxo- 

but positively charged ions of the 5°"fac? is referred 

nium ions. One of the important const | strengths of acids, 

to in Chapter 15 (page 244) in connection vuth the strengths 

§9 Voltaic Cells 

It has long been known that O piates ^^'^"^'^'^'Xctrolyte, a 
connected by a wire and immerse d - and copper are taken 

current will flow along the wire. H P • t !> arrangement is known as 

and immersed in dilute sulphuric a • ■ little time it will be 

a simple cell. If the cell is allowed to work or j> ( h lrog , n 

found that zinc is dissolving in the acidland hat bm « ff ^ lf th , 
appear on the copper plate, whici investigated, it 

strength of the current passnig hr<n.£i li « " > ^ ^ C()Vm . (1 

| will be found that by the tune t u U , *,, lo zcro . On brushing 

with hydrogen the current has < r “PI ‘ current will rise again to 
away the bubbles from the copper plate the curie 

its former value. , that a current is flowing along 

In normal electrical terms, it i. , . . ; n f ac t, it is now known 

the wire from the copper to the zi!i( . « ■ from the zinc to 

that a stream of electrons is pas-.. K "h a soluti un of zinc 

the copper. Zinc is going mlu ^' U V |!' r ions Zn», that is. 

sulphate; or, in terms of the * dnr-'cs The formation of a 

atoms of zinc carrying double P^ 11 ' ' k ^ L . r than the atom from 
zinc ion, which has thus t«o z j nc plate with these two 

which it is derived, wdlthus '• (hc wire lo tilt- copper ]> 1; “e. 
electrons, which are conduct U t( j ))V t j u . dissociation of 

In the solution there are hydrog^ * plate receives the two 

the acid (see Chapter lo). . wire p becomes negatively 

electrons, by way of l be con' 11 • ns ij.c., hydrogen atoms each 

charged and hence attracts hy k - t j V( .j v charged, and these take 
having lost one electron) whic 1 a I j j hydrogen atoms again 
up electrons from the copper pla e jo 1 ^ ^rochic tion of the current 

and being liberated as ll > (lr,, |j‘ t^uh-ncy of the zinc atoms to become 
is thus seen to depend upon th * . ^ |1( . x j section. 

zinc ions, concerning winch inr,rc ' lss cu ,mt of the tendency for its 
The simple cell is nut a useful cell on a. 
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activity to be stopped by the accumulation of hydrogen on the copper 
plate, a phenomenon which is known as polarization. In conse¬ 
quence. various other forms of cell have been devised in order to 
avoid this difficulty. The usual method for avoiding it is to replace 
the copper by carbon and to surround this with an oxidizing agent 
which oxidizes the hydrogen to water as soon as it is formed. Some 
cells, however, employ two liquids, as, for example, the Daniell cell, 
which consists of a plate of zinc immersed in dilute sulphuric acid 
contained in a porous pot, the whole standing in a solution of copper 
sulphate in which there is also a copper plate. In this the zinc dis¬ 
solves as before, but the copper plate, when negatively charged, 
attracts not hydrogen ions but copper ions which, when discharged, 
are deposited on the copper plate as metallic copper. Thus no change 
in the working of the cell occurs. 

The most important form of cell at the present time is the Leclanch^ 
cell, particularly in the form of the so-called dry cell, the manufacture 
of which for use in wireless receivers and for similar purposes has 
become an important industry. 

The ordinary Leclanchc cell consists of a carbon rod in a porous 

pot surrounded by a mixture of 
powdered carbon and manganese 
dioxide. The whole stands in a vessel 
of ammonium chloride solution in 
which is also a zinc rod. The zinc 
dissolves as before, forming zinc ions, 
while the ammonium ions are dis¬ 
charged at the carbon pole. After 
discharge they break up into ammo¬ 
nia and hydrogen, the former re¬ 
maining dissolved while the latter is 
oxidized to water by the manganese 
dioxide. This oxidation is slow so 
that the cell may polarize if too big 
a load is put on it; but it will re¬ 
cover if allowed to rest, and also it 
Fig. 12.3.—Dry Coll " ill yield a small current for an 

almost indefinite period. 

I he modification of the Leclanche cell known as the dry cell is 
illustrated diagrainmatically in Fig. 12.3. 

A cylinder of zinc A serves both as the negative pole of the cell and 
as a container. Inside this is a canvas sack H containing a moist 
mixture ( ol carbon, manganese dioxide, ammonium chloride and 
zinc chloride surrounding a central carbon rod. The action of this cell 
is exactly similar to that of the preceding cell. 


+ 



Brass Cap 


Zinc Outer 
Container (A) 


Sack (B) Containing 
Graphite. Manganese 
D'-mde and Ammoniui 
Chloride Paste (C) 
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§ 10 Electromotive Force and Chemical Affinity. The Electrochemical 

Series of the Elements 

In the preceding section, the production of the 
cell was seen to be a result of the tendency of zinc m the atomic state to 
go into solution as zinc ions. In order that a current may be driven 
found a circuit, there must be a difference of potential be .the 
poles of the cell. Even when no current is flowing, a diUtrcnce ot 
potential is found to exist and in these circumstances it is called the 
electromotive force or E.M.F. of the cell. Experiment has shown 
' that the value of the E.M.F. of a cell depends upon nature^f^the 

substances forming its poles and, to a lesser ex en . example 

tion of the solution in which they are immersed. 1 hus. f^ ^ 'Tip e 
a cell consisting of zinc and copper plates immersed m a dec'nomjal 

solution of sulphuric acid has an E.M.F. of a o \bout 0-07 

plate be substituted for the zinc one the E.K' E . ‘ 1 e“^s 

volt. It can be shown that, in general, a potential d'f erence exis s 

between the metal and a solution containing ions of(this™tjinn 

reversible equilibrium with it. \Nhen the cone electrode 

1 gm.-ion per litre this potential difference is 

potential of the metal. By measuring the ... • • t other the 

such an electrode as one pole and a standard electrode as theotwr ^ 

values of the electrode potentials of the '? n ° * 0 f a hydrogen 

determined. For this purpose the e ec r P h ‘ drogcn electrode 
electrode is arbitranly assumed to be ' ,qo\ immersed in a 
consists of a plate of platinized platinum (cf. page ' <«) 

solution of hydrochloric acid cont ^ l, ^ in 6 -^bubbled I The electrode 
litre, over which pure hydrogen at 7«0 mm. isbubbled-^hcetec^ 

potential is positive when the solution. and vice 

composed is positively charged with re I . t ials found in this 

versa. Table* XVII gives a list o of the 

way, arranged in order of magmtud•• . as x a t>lc XVII on 

elements in order of their electrode pot* ‘ c j erncn ts. 

page 208) is known as the clectr h ° C ^T t , ^ tl ^ known chemical behaviour 
Examination of this table, in the lig closely with this chemical 

of the elements, shows that it affinity of two 

behaviour, and affords us some me as 

substances, that is of their tendency bc taken to be 

This quantity is not very easy to evabate. p n may ^ ^ sub . 

proportional to the energy change between the energy 

stances react. Thus, for example^ the d.«cr^H^ ^ ^ hand and 

latent in a mass of sodium and a ma. combination, on the 

**•"?■•* But it is 

other hand, is a measure of the alh y ,. ff It is 0 f tcn approxt - 

not easy to be certain of the valueoSSST'and was at one time 
maltly equal to the heat given out P j is now recognized 

thought to be equal to this heat change. but tins 
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Table XVII. —Electrode Potentials at 26° C. 
Electrochemical Series of the Elements 


Element 

Electrode 

Potential 

Element 

Electrode 

Potential 

Caesium 

— 3-02 volts 

Silver 

+ 0-799 volts 

Rubidium 

- 2-99 .. 

Mercury (Hg/Hg,*) 

+ 0-80 

Lithium • 

-2-959 „ 

Palladium 

+ 0-82 

Potassium • 

-2-922 „ 

Gold . • 

+ 1-42 

Barium . . 

- 2-90 „ 



Strontium 

- 2-87 .. 



Calcium • 

-2-716 ., 



Sodium . 

-2-712 ,. 



Magnesium 

- 2 34 ,. 

Iodine . # 

+ 0-536 volts 

Aluminium 

- 1-67 .. 

Bromine • . 

+ 1 066 .. 

Manganese 

-105 .. 

Chlorine . . 

+ 1-358 „ 

Zinc 

-0-762 .. 

Fluorine • 

+ 2-85 

Chromium (Cr/Cr *') 

- 0-557 „ 



Iron (Fe/Fe”) 

-0 441 „ 



Cadmium 

-0 402 „ 



Thallium • 

-0 33 .. 



Cobalt . . 

-0-28 .. 



Nickel . 

- 0-25 .. 



Tin (Sn/Sn “) 

-0-13G „ 



Lead 

-0-126 .. 



Hydrogen 

0 000 „ 



Bismuth 

+ 0-226 „ 



Copper (Cu/Cu'*) . 

+ 0 345 „ 




as being not necessarily true since the internal energy of the compound 
must be taken into account. Nevertheless, the heat change does give 
a rough measure of the relative affinities of substances, and the results 
of such investigations are in quite good accord very often with what 
would be anticipated from a consideration of the electrochemical 
series. 

It is found also that metals will displace each other from solution 
in a certain order. 1 he displacement of copper by iron (as, for instance, 
by immersing a penknife blade in copper sulphate solution) is a very 
familiar fact. Zinc will similarly displace iron, and magnesium will 
displace zinc (see page C>47). ThejatVmity of magnesium might reasonably 
be thought to be greater than that of zinc which is in its turn greater 
than that of iron. Care has to be taken when interpreting the results 
of displacement experiments to make certain that other factors than 
the affinities of the elements concerned are not interfering with the 
results i foi example, bv causing the evolution of a gas which is removed 
from the system, etc.). These other disturbing factors will be dealt 
with more fully in ( hapter 14, but when taken into account, a displace¬ 
ment series of the elements can be drawn up, the order of which is 
virtually the same as that of the electrochemical series. 

There is thus a good experimental basis for considering that the 
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electrochemical series gives the relative affinities of the elements and 
this conclusion can also be justified on theoretical grounds. 

When a voltaic cell is in operation producing electrical energy a 
chemical change is taking place, and the energy liberated in this 
chemical change is the source of the electrical energy produced The 
quantity of electricity resulting will depend on the total numberof 
atoms of the material of the plate going into solution which * con¬ 
verted into its compounds (strictly speaking into i ts ion), .but the 
potential at which the electrical energy is produced will be d * tP ™ lntd 
by the work given out in building up the compound (in the form of its 

ions) from its elements. . , Mf 

Suppose Q faradays of electricity are produced when «n grains of 

compound are formed in the cell (in the form of ions). 

Then by Faraday's first law 

where e = electrochemical equivalent. 

The work done by the current will be EQ 

where E = potential difference produced. 

Let W = work given out in building 1 gm. of the compound from 

Then W is a melsu^of die affinity. Since the work given out is the 
source of the electrical energy, we have 

ml I = EQ 


but 


0=7 


that is. is proportional*to the affinity per gram equivalent of compound 

formed. . i; produced when an 

Hence it is justifiable to assume th« . measure of chemical 

element goes into solution forming a con 1 \ . I an order of 

affinity; and the order of the electrochemical senes 

chemical affinities. 

§ 11 Overvoltage. Products of Electrolysis 

The hydrogen electrode, ^hos® 'Viy3iroK*-n gas and the 

uses platinum as the metal in conta ^ th;||1 5 platinum be used a 

hydrochloric acid solution. If a m ‘ • allo ther way, a definite 

different potential difference isset upj° -1.^ a ' meta | immersed in a 
potential difference must be appl c . (hat evo i ut ion of hydrogen 
normal solution of hydrogen lons m h normal hydrogen 

gas may just occur. This potent; 'as the overvoltage or 
electrode being taken again as zt ) 
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overpotential of the metal. Table XVIII shows the values of the over¬ 
voltage of some metals. 


Table XVIII 


Metal 

Overvoltage 

Polished platinum . 

. 009 volt 

Silver . 

0*15 „ 

Copper . . 

0-23 

Lead . * 

0*64 

Zinc . . 

0*70 

Mercury , 

0*78 


This property has a bearing on the products obtained as the result 
of electrolysis. For example, if a potential difference of less than 0-78 
volts be applied to a mercury cathode immersed in a normal solution 
of hydrogen ions no hydrogen will be evolved. Furthermore, if a 
solution containing both hydrogen ions and lead ions be electrolysed, 
using a lead cathode, the lead ions will be discharged and lead will be 
deposited in preference to hydrogen since the potential difference which 
must be applied to discharge lead ions is 0*126 volt (Table XVII) and 
that necessary to liberate hydrogen on a lead electrode is 0*64 volt 
(Table XVIII). 

Products of Electrolysis 

I he substances evolved from, or deposited on, the electrodes are not 
always the discharged ions of the principal solute. Thus, while the 
electrolysis of fused sodium chloride yields sodium at the cathode and 
chlorine at the anode, if an aqueous solution of common salt be used 
hydrogen appears at the cathode along with sodium hydroxide in 
solution. Further, the nature of the electrodes plays a part, as, for 
example, in the electrolysis of copper sulphate solution where oxygen 
is evolved at a platinum anode, whereas a copper anode dissolves and 
no gas is liberated. 

1 hese effects were lormerly ascribed to secondary' reactions. It was 
supposed that, in the electrolysis of aqueous sodium chloride solution, 
sodium ions arc first discharged at the cathode, forming free sodium, 
which then acts upon the water with the liberation of hydrogen and 
formation of sodium hydroxide solution. The electrolysis of copper 
sulphate solution was similarly explained by supposing that, after 
discharge, the sulphate ions attack the electrode, if of copper, reform¬ 
ing copper sulphate; or the water, if the electrode be platinum, liberat¬ 
ing oxygen. 

1 hese explanations are now lelt to bo unsatisfactory since they 
imply that sodium ions at first present in solution arc discharged and 
that the metallic sodium attacks the water reforming sodium ions. A 
similar difficulty attends this explanation of the electrolysis of copper 
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sulphate. These phenomena are now explained on the basis of the 
known values of the electrode potentials and of overvoltages. Thus, in 
the electrolysis of sodium chloride solution, sodium ions chlorine ions 
hydrogen ions and hydroxyl ions are present in the solution. At the 
cathode hydrogen ions are discharged in preference to sodium i ions 
because hydrogen stands below sodium in the electrochemical senes 

(i.e„ it hJa smaller electrode potential); in,® ther .^ rd f S 
of hydrogen ions to lose electrons is greater than that of sodium ions. 
The effects observed in the electrolysis of copper sulpha.te wjha 

copper anode are similarly a consequence of e > , t j n 

potential of copper, which can become a copper ion more easily than 
either hydroxyl ions or sulphate ions can be discharged \\ i ha 
plat in um anode the hydroxVl ions being 

'sulphate ions, are discharged in preference; oxygen then results tro 
the reaction ^ = + ^ 

The influence of overvoltage is seen in the 
salt using a mercury cathode as in the Ke n -- .. f hydrogen 

amalgam. 



CHAPTER 13 


THERMO-CHEMISTRY 

Sine igni nihil opcramur. —C. Glaser. 

Heat and cold are Nature's two hands by which she chiefly worketh.—F. Bacon. 

Each element as well as each compound embodies a distinct and invariable 
amount of energy as well as a distinct and invariable quantity of matter, and 
thus energy is as constitutive and essential as a part of the existence of 9uch 
clement or compound.— J. B. Stello. 

§ 1 Chemical Energy 

In the discussion of the criteria of chemical change (Chapter 3, page 
48) we saw that such changes are in general associated with changes 
of energy in the form of heat, light or electricity. These energy changes 
are most often noticed in the form of the heat evolution or heat absorptioti 
accompanying a reaction, but on occasion other forms of energy are 
liberated. 

I he study of the heat changes accompanying chemical action is 
often referred to as the study of thermo-chemistry. 

All chemical substances are associated with a certain amount of 
intrinsic energy, which is liberated, usually, as we have seen, in the form 
of heat, to a greater or less degree when it undergoes a chemical 
reaction. Any chemical system, whether comprising a single sub¬ 
stance or a group of substances, contains a definite amount of energy 
depending upon the mass, chemical nature and physical conditions of 
the system. 1 Ins remains constant so long as the system remains 
unaltered, but when a reaction takes place the products of the reaction 
will constitute a new chemical system of different intrinsic energy. 
What these intrinsic energies (i.e., the absolute value of the total 
energies) are we do not know, but the change in total energy when the 
initial system passes into a new system can be determined, and if no 
external work is done the decrease in intrinsic energy will be equal 
to the heat evolved, or vice versa. 


§ 2 He.at of Reaction 

Experiment shows that the heat effect associated with any given 
ihemical change has a constant value for a given quantity of the 
reactants. W hen this value is expressed as the quantity of heat 
liberated (or absorbed) during the reaction of the gram-molecular 
|uantitie> of the reacting substances as indicated by the equation for 
the icaction. it is known as the Heat of Reaction. The amount of 
heat is usually expressed in kilogram-calories (represented by Cals.) ; 
a kilogram-calorie being the amount of heat required to raise the 
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temperature ot one kilogram ot water by 1° C. The heat of reaction 
is often included in the equation, as, for instance. 

C + 0 2 = C0 2 + 94-3 Cals. 

which indicates that 12 grams of carbon combine with 32 grams of 
oxygen with the formation of 44 grams of carbon dioxide and with 

the liberation of 94-3 Calories of heat. , 

The heat of reaction will, of course, depend upon the physical 
state of the reacting substances and ot the products ot reaction, and 
unless there is no possibility of doubt, this ought to be indicated when 
giving the value of the heat of reaction In practice, it is usual to 
quote heats of reaction calculated on the assumption that ah the 
substances concerned are in that physical state characteristic of them 

at normal temperature and pressure. r^rtinn as 

Allowance must be made in calculating the heat o eac on as 

defined above from observed values when gases are ‘'berated (or 
absorbed) for the external work thus done, which vnll be equivalent to 
some of the heat evolved by the reaction. When a „as is formed 
under atmospheric pressure, the external work done per grarn-mo'ec de 
of eas is eiven bv PV = RT. Since l< in this case has the \aluc ot I 
gram-calories it follows that for each gr. n-molecule of a gas fo.med 
fn a reacUon'under atmospheric pressure there must be added^o he 
measured heat of reaction 1-088 T gram-calones .befe «P rt - 

o! a compound is formed from its ( Itnun liberated when 

r -aaESjas txz&i —— 

is called the heat of combustion. 

§3 Hess’s Law 

As stated in the previous section a certain definite heat change* 
associated with each particular chemica c « which the 

found for this heat of reaction is independent of the way men t 
reaction is carried out was further shown ™ .‘"p^nd 

measured the heat developed during conclusion that the 

made in several different -d caueMo ^^^^en^ompound is 

amount of heat evolved during the direct i y a n at once or slowly 

the same whether the compound is fo . ji css » s Law. The 

in a series of intermediate stages. I his is called Hess s Law. 
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principle may be illustrated by making calcium chloride by the action 
of quicklime on dilute hydrochloric acid. It is found that 

CaO + 2HC1 aq = CaCl 2 «? + H 2 0 + 46 Cals. 

Instead of this, first slake the quicklime, and 

CaO + H 2 0 = Ca(OH ) 2 + 15 Cals. 

Dissolve the calcium hydroxide in water, and 

Ca(OH ) 2 + Aq = Ca(OH)^ + 3 Cals. 

Mix the lime water with dilute hydrochloric acid, and 

Ca(OH)^ -f 2HC\aq = CaCLa? 4 - 2H 2 0 4 - 28 Cals. 

These three steps in the formation of the solution of calcium chloride 
give a total 28 4 - 3 4 - 15 = 46 Cals, as the heat of formation. The 
same result was obtained by the direct action of the dilute acid on 
quicklime. A number of experiments made on similar lines have 
shown that (1) the heat of formation of a compound is independent 
of its mode of formation; and (2) the thermal value of a reaction is 
independent of the time occupied by the change. 

It follows from Hess s Law that if the heat of formation of carbon 
dioxide be: C 4- 20 = C0 2 4 - 94-3 Cals.; and CO 4 - O = CO, 4- 68 
Cals., we have 

(C 4- 20) - (CO 4- O) = 94-3 - 68 Cals. 

Consequently, the heat of formation of carbon monoxide is: C 4- O 
== CO 4 - 26-3 Cals. This illustrates the fact that the thermal value 
of a reaction is the sum of the heats of formation of the final products 
of the reaction less the heats of formation of the reacting substances. 

1 his corollary to Ilesss Law is valuable because it enables the heat) 
of formation of a compound from its elements to be computed when a 
direct determination is either impracticable or very difficult. Similarly 
the thermal value of a reaction can be deduced when the heats of forma¬ 
tion of the different substances which take part in the reaction are 
known. 

Thus, if we know that 


C 4- O = CO 4 - 26-3 Cals. 
Vb 4- O = PbO 4 - 50-3 Cals, 
and C 4 - 0 2 = C0 2 4 - 94-3 Cals. 

it follows that the heat of the reaction: 


PbO 4 - CO = CO, 4 - Pb 
is given by 94-3 -(26-3 4- 50-3) = 17*7 Cals. 

It is to be noted that heats of reaction calculated indirectly in this 
way may involve considerable error, for although the percentage error 
m the various experimental values may be quite small, that in their 
difference may be large. 
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§ 4 Measurement of Heats of Reaction 

The measurement ol the heat ol reaction (or a given chemical change may 
either direct or making use of Hess's Law as explained above. ,ndircct Bu J 
in either case we are dependent finally on actual measurements of the heat 
change inherent in some reaction or reactions, so that methods of determining 

th The ar vlTuV?f > S^h«t Of reaction for a change which takes place in solution 
can be found by ordinary calonmetric methods. Thus, to determine, for example. 

means of a delicate thermometer. 

Suppose that ith normal solutions were used and that v c.c. of each *ere 

used while the rise in temperature was Let w ^^dilfor ^lic Specific 
calorimeter. Assuming that the solutions were su have: 

heats and densities to be taken as unity withou se 

Heat produced in the reaction = (w + - v F 
Now 1 gram-molecule of each substance is eontaincd1 in ^ hires. There (ore. e 
heat produced on mixing » litres of each solution would be 


(w + 2v)t x 2000 m 


Cals. 


(w -f 2v)tn 


Cals. 


2v v 

— heat ot neutralization. 


When the heat evolved in a reaction under investigation 
is very large, or where large quantities of gaseous product- 

result, special methods have to be used. raloriinetcr 

As an example of these the use o the ^ ^^‘^the 
may be cited, this being particularly . . t roduce< ) 

measurement of heat of combustion. «•«•. * . * car bon 

when a combustible substance, as. for exan:iplc carbon 

combines with oxygen. I his process cons . C n in 

known weight of the substance in comp esi> 
a closed steel vessel known as the ©own- in 

The bomb used is illustrated diagrammatica y 

It consists ol a steel vessel with a 1 * ^ ^ t an ce 'to'be 

is screwed down on to a lead washer. ... . lhc bomb 

burned is weighed and placed in the cruu lu be 

is filled with oxygen by way of the.char ncl * , -' )Qmb 

R until the pressure is about -0 2.>atr P contain ed in 
is then immersed in a known weigh connecting 

a calorimeter. The combustion is started by con ^ b 

the spiral of wire (made of p'atmum or |n ) candcsccn cc 

source of electricity, thereby ra,s,n £ ca i or ,meter is then 
The temperature of the water in the ca onm^e ^ 

taken every minute so that a coo 11 g or(le( j The heat 
applied to the maximum temperatu c volume, can 

of combustion of the substance, a bomb being 

then be calculated, the water equivalent ol the bomo 

known. 



Fig. 13.1. 
Bomb Calorimetei 
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§ 5 Endothermic and Exothermic Compounds 

We are apt to think oi the formation of a compound from its elements 
as being accompanied by the evolution of heat, because many familiar 
instances where this is true present themselves to our minds. But it 
is by no means always the case, and many substances are known 
which, if they are formed by combination of their constituent elements, 
absorb heat. A common example of this class of substance is the gas 
acetylene. Compounds which are formed with evolution of heat are 
called exothermic compounds; while those which are formed with 
absorption of heat are known as endothermic. Reactions are referred 
to similarly as exothermic or endothermic reactions, according as they 
are attended with evolution or with absorption of heat. 

The knowledge as to whether a given compound is exothermic or 
endothermic is of considerable importance, for it enables us to predict 
its stability under different temperature conditions. An endothermic 
compound will contain more energy than the elements from which it 
is made, and it follows from Le Chatelier’s Principle (see page 244), as 
shown in the next chapter, that such a compound will require a high 
temperature for its formation and will be stable at high temperatures 
rather than low ones. Conversely, exothermic compounds are stable 
' Jit low temperatures, but not at high temperatures. 

hamiliar examples of endothermic compounds are acetylene, oxides 
of nitrogen and ozone. Common exothermic substances are carbon 
monoxide and carbon dioxide, and water. 


§ 6 Heats of Linkages 


It was pointed out earlier in the present chapter that we have no means of 
determining the total intrinsic energy either ol reacting substances or of the 
product of a reaction, but only the difference between them In stating the 
heat> of reaction and of formation of compounds, we have accordingly taken as 
our datum line tin- elements themselves. 


In certain cases, however, this will lead to errors and discrepancies, for the 
molecular condition of dim-rent elements is very different. Thus, carbon in the 
torm of a diamond is a complicated structure'(cf. page 339) of atoms joined 
together V ertain bonds, and when this is burnt to carbon dioxide these bonds 
will lia* ■ 1 * severer! and energy will be used up in the process. This supposition 

t by the fact that the heat ol combustion of amorphous carbon is 
Rt ;-1 a * that of diamond. 


.> m any combustion tin* oxygen molecule has to be broken down into 
i^ before combination can take place, and again energy will be required, 
u s*-*i-ar«h m thermo-chemistry lias accordingly been directed to the 
. munition ol the heat changes involved in the formation of various linkages 
•iu these are now known with a lair degree of accuracy. 



CHAPTER 14 

CHEMICAL EQUILIBRIUM AND THE 
VELOCITY OF REACTIONS 

I often say that if you can measure that ot .^"Vt^'hut’if’vou cannot measure 
it by a number, you know someth,ng of y° u '"*» ec * ■ 
it. your knowledge is meagre and unsat,sfactory.-LoKD Isel 

... The streaming atoms 
Fly on to clash together again and make 
Another and another state of things 
For ever. . . . Rejected Addresses. 

S 1 The Extent to which Reactions Proceed 

It is well known that reactions do not aP example ,Twe mix 

to completion, although many do bo • • nitrate of equivalent 

aqueous solutions of sodium chloride and silver^m^ ^ H. tate of 

concentration, we immediately see an d „f the chlorine 

silver chloride, and almost the whole of the silver ^ rcma i„ing 

are removed from the solution, the s f> measurable, solubility of 
in solution being due to the slight, though mcasurao. 

silver chloride. . , TOCCC( i relatively slowly, and 

There are, however, reactions w P .... [ or example, when 
often these do not proceed to comp c - ^ hydrogen is passed 

a mixture of equal volumes of lollinc ‘ p fine i y divided platinum or 

through a red-hot tube, or better, , ^ iodide. HI, is formed, 

platinized asbestos, or charcoal, some some iodine and 

If hydrogen iodide gas be treated m a .^;;^ c ^' raUir , ot the tube 
hydrogen arc produced. In uth< ■ ■ of hydrogen iodide, and 

be 440'-, we have approximately 80 per « { io fo nc a nd hydrogen. 

20 per cent, of a mixture of ecjual vo un _platinized asbestos, 

The only apparent clfect of the ca a ‘ a( ,,. n ts lx, absent, the 
etc.—is to accelerate the reaction and dt^ (rom the mixture 
time required to make 80 per cent. Once this proportion of 

of hydrogen and iodine is much ition „f the exit gases 

hydrogen iodide has been former, r(J may be heated at 440 . 

remains unchanged, however long .... • j s j ue to the fact that 

with or without the catalytic a K en , • an( j iodine will combine 
although at this temperature hyoroK vi , o(Jide when f( , r med. 
I together to form hydrogen iodide, - • ,, hydrogen and iodine, 

'has in its turn a tendency to decom ^'occurring simultaneously. 
So that, in fact, we have two reactions b 

'which may be represented thus*. 

H 2 "f" f 2 _ _ . r 

and 2HI H 2 + la- 
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This reaction is therefore spoken of as a balanced or reversible reaction 
and is usually represented by replacing the equality sign in the equa¬ 
tion by two arrows, thus: 

H 2 + I, *2111. 

When, as in the above example, the gases have been maintained in 
contact for a sufficient length of time, a state of equilibrium is set up 
between the hydrogen and iodine on the one hand and the hydrogen 
iodide on the other. 


§ 2 The Law of Mass Action 

I he condition of equilibrium, under given conditions (in particular 
at a given temperature) in the case of a balanced reaction can be 
deduced by the application of the Law of Mass Action which was 
first enunciated clearly by Guldberg and Waage in 1867, in consequence 
of which it is sometimes known as Guldberg and Waage's Law. This 
states that the rate of a chemical reaction is proportional to the product 
of the active masses of the reacting substances. The phrase “ active 
mass" is perhaps strange to our ears; by it, Guldberg and Waage 
meant what we term the molecular concentration of a substance. 

We can apply this law to determine the condition of equilibrium 
in a homogeneous reaction in the following wav. Consider the reaction: 

A -f- H ^ M -f .Y 

ami let ( A and i n respectively denote the concentrations of the sub¬ 
stances A and /?, expressed in gram-molecules per litre. Similarly, let 
( v and ( s respectively denote the concentrations of M and .Y. From 
the above law the speed of the reaction is proportional to the con¬ 
centrations of the reacting substances, that is. the velocity of the 
reaction A * H i> equal to kC\( 0 . Similarly, the velocity of the 
reaction in the opposite direction will be proportional toC M C N or equal 
lo /; • n• In tliese expressions A* and k' are constants, called velocity 
constonts (see i below). When the conditions are such that the 
velocities of these two reactions are identical, a state of equilibrium 
results. We then have 


i.c.. 


Af J d — k C h( s 

C U( N k 

c A c. 


(another constant). 


So that at equilibrium we conclude that the product ot the concert tra- 
°l the substances on the right-hand side of the equation, divided 
>v tie prodm t «•! the concentrations of the substances on the left-hand 
side of ih*- equation, is a constant at a given temperature. This 
constant i' known as the equilibrium constant for the reaction at this 
temperature. 

Some examples ot the application of these conclusions to actual 
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reactions may now be given. The simplest cases which 

occur in gaseous systems, and the hydrogen > 

equilibrium already referred to is a good example of this type. 

reaction is represented by the equation. 

H, + I 2 ^HI + HI 

from which we conclude that the condition of equilibrium at a given 
temperature will be given by 

C H ,C„ _ 

Suppose that a gram-moJecules of hydrogen ^^.^^"’S'the 

of iodine are heated together, the tot . be gram-molecules, 

amount of hydrogen iodide P resenta ‘ £ram-molecules of iodine having 
x gram-molecules of hydrogen and x gram moiecu 

combined. Then we have, at equilibrium 

i._ A 2x 

r — a ~ x C, = - and C H % = 

C H —-* L ' 1 v 

II v 


:.k = 


Cf) (f) _ 




The volume term v is thus seen to cancel out in^this by 

change of pressure is also without 

^This equilibrium has been ext ^ s i'l el ^ 0 nXsdon>t U n! Jy addition. he 
(1897) and his results confirm these cone we begin with 

showed that the same equilibrium s set up wn 

hydrogen and iodine, or with hydrog j c Q f equilibrium in the 

Another interesting and instructive ' j(ie -phis gas undergoes 

gaseous state is afforded by mtroge P . t b y the equation: 
dissociation at moderate temperatures, as muic 

N,0 4 ^ 2NO, 

(cf. page 434). If we apply the law of mass action here 

C " H O I __ ft 

i in of N O in a volume of 

Now supposing we have fCJ.tl^s'have dissociated, thus forming 2x 
.V litres, and that x gram-molecule* n 

gram-molecules of NO s . Ihen, 



220 


MODERN INORGANIC CHEMISTRY 


[Chap. 



(a - x)v 


Here v the volume appears in the expression for the equilibrium 
constant, and hence the concentrations of the two types of molecule 
at equilibrium are dependent upon the volume, and consequently upon 
the pressure. Further, since v appears in the denominator, it follows 
that if we increase the volume (or decrease the pressure) of the system 
there will be an increase in the proportion of N0 2 molecules present, 
and vice versa. These conclusions are borne out by the results of 
experimental investigations of this equilibrium. 

Generalizing from the two examples so far discussed, we see that 
where a reaction in the gaseous state takes place without change of 
volume, pressure is without influence on the equilibrium; conversely, 
reactions which involve a change in volume have the equilibrium 
altered by changes in pressure. 

Homogeneous reversible reactions are not confined to the gaseous 
phase, but may take place in solution. Since almost all reactions in 
solution between inorganic substances are ionic in nature, the equilibria 
involved are largely bound up with those of the ions themselves. This 
application of the Law of Mass Action to electrolytes is discussed in 
tiie next chapter. The most familiar examples of balanced reactions 
in solution arc, therefore, those of organic compounds and consequently 
fall outside the scope of a text-book of inorganic chemistry. 


3 The Law of Mass Action and Heterogeneous Systems 

So fai we have considered only balanced reactions which take place 
in oik- phase, that is, homogeneous reactions. There are, of course, a 
great man\ uactions which take place between substances in different 
phases, and these are known as heterogeneous reactions. Numerous 
reversible, heterogeneous reactions arc known, and it is necessary 
now to consider how far the Law of Mass Action can be applied to such 
cases. 

Let u- consider the familiar reaction of the decomposition of calcium 
carbonate by heat—a well-known example of a reversible reaction 
icf. page (i.VL which may be represented by the equation: 

CaC0 3 ^ CaO + C0 2 . 

If all three substances were in the form of vapour we could apply the 
Law of Mass Action to the equilibrium and should have the result: 
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CcaO X ^COj _ 


C taCUa 

, r ,„aCr < o are the concentrations of calcium oxide. 

ftsvol'ume^By M'ogadn"s (wpothc-s the ^‘Xrefore^canTpre^ 
is proportional to its molecular concentration. 1 *£££ *^ heir 

The expression for the equilibrium constant then becomes. 

/>Ca<> X />CO, _ n 

» . fj ie partial pressures of calcium oxide, 

where/>cao, />co, and ^cacoa an t P respectively. The vapour 

carbon dioxide and calcium a ‘ • n temperature, so long 

»',.r «“* fifr CS “ho JSTS5SU -a 

as these solids are present, hi net in im. ( 

/>caco, are constants, so that we have. 

The system, theretorc. a. ^ 

the partial pressure of the . expe nment which shows that 

fixed value. This result is.confirm o( carbon dioxide for 
there is a certain fixed dissocia P , be deduced from the 

each temperature. The same con \Vc have two components 

application of the phase rule (see P^? c .> _ *i . 2 = 1 , or the system 
existing in three phases; hence 

possesses one degree of freedom. assumption made 111 

We may thus legitimatcdy condu^ syst U - s justlftcd . 

applying the Law of Mass Action o . active mass of a solid is 

and hence conclude that in such systems the acini 

constant. , . , thc samc considerations apply 

Another common example to which is represented by 

is that of the action of steam on red-hot iron. 

the equation: r n ,411 

3Fe + 4H.0 I- re O + 4Hr re we havc . 

Assuming that the active masses ol 
as before: 

_ —j ft 


(/>•* 


tO I 


i.e.. 


P«»_ __ 


'11*0 
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Again, this result is borne out by experiment, so that the assumptions 
on winch it is based seem to be justified. 

§ 4 Dissociation of Salt Hydrates 

Similar considerations apply to the dehydration of salts which contain 
water of crystallization. 

^ Consider the case, for example, of hydrated copper sulphate— 
CuS0 4 .5H 2 0. When this is heated it passes, first, into CuS0 4 .3H 2 0, 
then into CuS0 4 .H 2 0, and finally into anhydrous copper sulphate. 
The first of these stages may be represented by the equation: 

CuS0 4 .5H 2 0 ^CuS0 4 .3H 2 0 + 2H 2 0. 

Applying the principles employed in the preceding section, we have: 

Pi X p\ = K 
P\ 

when />,, p 2 and />., are the partial pressures of the pentahydrate, the 
trihydrate and of water vapour respectively. But, as we have said, 
so long as the solids remain, their vapour pressures will be constant, 
so that />, and /> 2 are constant; hence the expression for the equilibrium 
becomes: 

pr = A’ 

i.c., /> 3 = y/K = K' 

Again, we see that at a given temperature a particular pressure of the 
water vapour present is necessary for equilibrium. This result again 
is deduciblc from Phase Rule considerations. 

\\ hen one of the hydrates lias disappeared, a new equilibrium will 
be set up, and the partial pressure of water vapour will have a different 

value, but will again remain constant so 
long as the same two hydrates are 
present. 

These conclusions are upheld by ex¬ 
perimental results which show that in 
the dehydration of copper sulphate the 
pressure remains constant at the value 
6 4 3 *o 2 1 0 * or the dissociation pressure of the 

pentahydrate for some time, and then 
Fig 14.1 drops suddenly to that of the next hydrate. 

Vapour Pressure Curves ol the I he graph in Fig. 14.1 shows the varia- 
Ilydratcs ot Copper Sulphate tion in vapour pressure of copper sul¬ 
phate in a dehydration experiment. 
Consideration ol these results enables us further to account for the 
phenomena of efflorescence and deliquescence Thus, if the partial 
pressure of the water vapour present in the air at a given time is less 
than the dissociation pressure «»t a particular salt hydrate, the latter 
will give up water vapour, thus losing part (or all) of its water of 
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crystallization. This is the phenomenon known as *®° r ^enc«- “ 
the partial pressure of water vapour is greater than that of the > ■ 

the salt will absorb moisture from the atmosphere. Tins is what 

illustrated by Table 

sure of water vapour in the atmosphere is normally in the b 
10 mm. of mercury, and rarely exceeds 15 mm. 


Table XIX.—Vapour Pressures of Hydrates 


Salt 


CaCl t .6H s O 
FeCI,. GH t O 
Na,S0 4 . lOH t O 
Na,CO,.10H t O 



Property 


Deliquescent 

Deliquescent 

Efflorescent 

Efflorescent 


§ 5 The Effect of Pressure and Temperature on Equilibria 
S Le Chatelier’s Principle 

The application of the Law of Mass Action will be 

in equilibrium leads to the conclusio ‘ . kc i ace without 

unaffected by pressure if the ^actwris ^ of volumc does 

change of volume (see § 2 , page-14b equilibrium to -Inlt m 

take place, increase of pressure will cause tne_eq ^ am , vice 

that direction, which is attended wit verified by experiment 

versa. These conclusions, further, have been -nlnd by ^ 1^ ^ >f 

and hence it may be said that in gene . . „{ Pressure favours the 

physical or chemical equilibrium, an'J" c ' l redu J io ^, 0 f pressure favours 
system formed with a decrease in volume , j tatl *g of pressure 

the system formed with an increase in vo li L ’ |#| vo i ltm e.—G. Robin's 

h^ no effect on a system formed wiOiou S , jzation giving the 

Law (1879). Thus we have a qualitative b 

effect of pressure on equilibria. n llfince Q 1 temperature, hut 

Similar considerations apply to t k* ^j aS s Action in this 

we cannot get any direct guidance from ^ at an increased 

case. Experience shows that most TL ‘ ' no two reactions are 
speed with increase of temperature, 1 ; t follows that, since 

affected to the same extent. In co,1 * L }, < forward and back 

equilibrium is established when the spec - r j se j n temperature 

reactions are equal, if these speeds are * ■ > equilibrium will be 

to a different extent, then the pos tion j t w ill move ? 
moved. How can we predict in which , • » we | )aV e correlated 

By analogy with the effect of P res *. be expected that 

with the change in volume in the reac ■ tQ thc | K . a t change which 
the effect of temperature could be r maloev also, a rise m 

(Chapter 13) accompanies all reactions. By analog) 
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temperature would be expected to promote those reactions which 
proceed with the absorption of heat, and vice versa. Experiment 
bears out this supposition and so, generalizing, it may be said that: 
When a system is in physical or chemical equilibrium, a rise of temperature 
promotes the formation of those products which are formed with an absorp¬ 
tion of heat ; a rise of temperature resists the formation of those products 
formed with an evolution of heat ; and a change of temperature has no 
effect on the equilibrium of reactions thermally neutral. —J. H. van't 
Hoff's Equilibrium Law (1884). 

These two generalizations are combined in that made by Le Chatelier 
(1888) and known as Le Chatclier’s Principle, which states that: If a 
system in physical or chemical equilibrium be subjected to a stress involving 
a change of temperature, pressure, concentration, etc., the state of the 
system will automatically tend to alter so as to undo the effect of the stress. 

This important principle enables us qualitatively to predict the 
influence of external conditions upon equilibria, and its application to 
some important cases may now be discussed. 

As an example of an equilibrium unaffected by pressure, in which 
the effect of temperature alone can, therefore, be studied, we may 
take the synthesis of nitric oxide from its elements. This reaction 
may be represented: 

N 2 -p 0 2 ^ 2X0-43-2 Cals. 

so that the formation of nitric oxide, while involving no change in 
volume, is attended with the absorption of a large quantity of heat. 

1 lie amount of nitric oxide present at equilibrium will thus, according 
to the Principle of Le Chatelier, be unaffected by changes of pressure, 
whereas increase of temperature should cause the formation of a larger 
proportion of nitric oxide. These conclusions were confirmed by the 
work of Xernst, and the following figures indicate the kind of result 
obtained: 


Temperature . . 1811° 2033° 2195° 3000° 3200® 

Percentage of NO at 

equilibrium . . 0*37 0 04 0-997 4-5 5-0 

I lie Kirkeland-kydc process for the Fixation of Nitrogen was based 
upon th«*se facts (see page 418). 

!t not possible to find a reaction tor discussion in which the 
1 i ssinv effect can be isolated, because reactions always involve heat 
nges; but the combined influence of temperature and pressure can 
"tudied in the important reaction between nitrogen and hydrogen 
.i' d in the synthesis of ammonia by the Haber Process (see page 400). 
I hi* reaction i* represented: 

N, + 3H a ^ 2NH 3 -f 22-4 Cals. 

\\!n<h indicates that the formation of ammonia from its elements is 
attended by a large reduction in volume (the volume is halved); 
and the evolution of a considerable quantity ol heat. Consequently, 
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increase ot pressure mil tavour. and mc««e of $ 

hinder, the production of ammonia. This is orne ou 
which shows the percentage of ammonia at equi 
conditions, as determined by Larson and Dodge 

Table XX -Equilibrium between N.trooen, Hydrogen and Ammon,a 
l ABLE AA. V! P-rre*ntai»C of AmiHOIlia _ 


°c. 

Pressure in Atmospheres 

— _ 

10 

30 

50 

100 

300 

600 

350° 

400° 

450° 

500° 

7 35 
3-85 
204 
1-20 

17-80 

1009 

5-80 

3-48 

25 11 
15-11 

917 
5-58 

24-91 

16-35 

10-40 

35 5 

26 2 

53 6 

42-1 

t. L., 


The effect of temperature and c j pat i ons . The application 

these figures and arc in accordance \ ‘ J amm0 nia is discussed in 

of these results to the commercial synthesis of ammonia 

Chapter 20. 

§ 6 The Velocity of Reactions 

So far we have considered the '** c ^m^Tthat 

equilibrium in balanced reactions. * • 0 pp 0 sing reactions, we 

these were dependent upon the l £ Selves, 

have not yet discussed these reactio 1 primarily a generaliza- 

The Law of Mass Action, stated on pageF aU1 ,, so (;ir W c 

tion concerning the velocity of chem ‘ . ( re cogni/.ing that these 

h.v. only applied it to the case o, • ,. I*™ „ ,U 

equilibria are kinetic in nature). \ an( j the methods by 

application to reaction velocities i nenta n v especially as the law 
which they may be investigated cxpi ^ity of any given 

does not tell us anything about t . f t ion about the way m 
reaction, although it gives us val in \\ w proportions of the 
which the velocity is altered by changes in l 

reacting substances. we are still somewhat 

Although our knowledge is steadil) c j u . m i C al change, but the 

uncertain as to the exact mechams ^ .| 1C sort 0 f considerations 

Kinetic Theory affords a useful pic we imagine that a gas 

involved. According to the Kinetic * t j ic molecules are con- 

consists principally of empty space 11 , t j i( . w;i || s ot the vessel. 

tinuously moving, colliding with each o ‘ || L . ct j on of molecuhs. 

and rebounding. A liquid wc conceji e cach ot hcr. but having 

also in motion, colliding and reboui k * 0 «etlier by molecular 

very little free space between them ■ l^^unuaw co,.tact by 
attraction and only prevented from d 0 f at0 ins or molecules 

their motion. A solid we believe to be composed 

in ceaseless vibration. 

I 
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It is a reasonable assumption that, tor a chemical reaction to occur 
between two substances, the reacting molecules should come into 
contact, or at least approach each other very closely, so that it would 
be expected that reactions between two solids would be very rare; 
while reactions involving liquids and gases, either with other liquids or 
gases, or with solids, should occur frequently. This is, of course, what 
is found experimentally; non-volatile solids react with each other as 
a rule only if subjected to very heavy pressure. 

I he older chemists did not believe that solids could react chemically, 
but \\ . Spring claims to have formed sulphides and arsenides of metals 
by the alternate compression and tiling of intimate mixtures of the 
metals with sulphur and arsenic respectively. Other reactions brought 
about, according to Spring, by pressure, are those between sodium 
carbonate and barium sulphate; potassium nitrate and sodium acetate; 
mercuric chloride and potassium iodide, etc. There is no reason to 
doubt that combination did occur in these cases, even if it did not 
go to completion; and this fact shows that the molecules of solids can 
be brought ‘ lose enough for chemical union. 

On tins assumption, that chemical reaction involves a close approach 
between the reacting molecules, we should expect that any condition 
tending to increase the number of collisions between molecules would 
also increase the rate of reaction. I heoretically, the number of these 
collisions can be increased m two ways (assuming, for the moment, a 
constant temperature). Iheseare: 

(1) the average distance between the molecules can be decreased by 
increasing the pressure upon the system; 

(2) the number of molecules of each kind present can be increased. 

It two molecules are to react they must (on our assumption) collide. 

I he chances ol each molecule doing so are doubled if the total volume 
of the system i** halved ; hence the chances for both are multiplied by 
four, i.c., as the square of the pressure. Similarly, in a reaction involv¬ 
ing u molecules, the chances of the appropriate juxtaposition of 
molecules will vary as the wth powei of the pressure. The rate of 
te.n tion will thti> vary also according to the nth power of the pressure. 

Similarly, i! we require two molecules ol dilferent kinds to meet (and 
n a< t* the chance ol a particular molecule being at a particular spot is 
proportional to the number of molecules o! that kind within reach. 
So also with the second molecule, and so with ?i molecules. Hence, 
th< re i> a logical reason for the dependence ol reaction velocity upon 
concentration 

lh«se considerations are summed up in the Law of Mass Action 
"hieh. a- given on page 213, states that the rate of a chemical 
reoyi o: is proportional to the product of the active masses of the reacting 

substances. 

I < : a long period before the Law of Mass Action had been enunciated 
by i.uldberg and Waage it was known that the progress of a reaction 
i> allotted by the amount of reacting substances present. Thus, 
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Wenzel in 1777 investigated the solution ot zinc and copper in acids 
and recognized the relationship in this case between the rate of reaction 
and concentration. He found that if an acid of a.given' con "" tr ‘*\ ,on 
reacts with one unit of metal per hour an acid of Iha fftha[ c«nccntwlo¬ 
tion will take two hours. Similarly. Wilhelmy m lh*>0 
the inversion of cane sugar and expressed his results in a mathematic 
relation between the rate of inversion and the concentration, an 
more general investigation, along similar lines, was’ ' oll Ki; s | lec | 

Harcourt and Esson, 1800, just before Guldberg and Waagi pub s 
their conclusions embodied in the Law of Mass Action as ue have it. 

Influence of Temperature 

In general, almost all chemical reactions proceed at a tartar rate 
when the temperature is raised; sometimes t " K 1 * ion ve | oC jtv 
is very great and on the average it is found t j l *. ffect ‘ ;r/'v 

is doubled by a rise in temperature of 10 U Kinetic 

in harmony with what would be expected on the 1 ^ 1 , 

Theoiy, J accord,„ 6 «o .ta>? (c ■ 

temperature causes an increase in the \ci increase can 

hence of the number of collisions between ie • e j v exceeds 

readily be calculated, but comes out at a figuie ‘ • „ on j y 

one-fifth of that which is found by experiment, and is usiiam 

one-tenth or less. m be the (act that 

The explanation ot this discrepancy is collisions in the 

not all the collisions between modules are tnmi ^ ^ course of 
sense of bringing about reaction. Thus : ■ ^ at a con . 

his investigations on hydrogen iodide, ‘ { n ~ lo i 0 culcs which 

centration of 1 gram-molecule per hire the number (hat th , 

react per second is only 2-1 x 10 , where, s mere collision 

number of collisions is 0 x 10”. Some other factor than mere 

is thus involved. 

§ 7 The Order of Reactions 

The Law of Mass Action states that the i^ “‘..^traUonsTf 
chemical reaction proceeds is proport mi< t : which involves 

the reacting substances. Clearly, there' *>re. • j ( j t . rcnl ) will proceed 

the interaction of two molecules (whether a ln volve two factors, 

at a rate, the mathematical expression of' _ as compam l 

and which will therefore have different , tjon Q , a 

with a reaction which involves only t i L . cu |,. s a re essentially 

molecule, or with one in which more than 

involved. , basis Kcactions which 

It is convenient to classify reactions , reactions or reactions 

involve only one molecule arc termed uh in o t , cculcs arc ca llcd fo¬ 
ol the first order ; those which involve 
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molecular or second order reactions, and so on. Expressed mathemati¬ 
cally we may say that in the reaction: 

LA -f- mB -f- nC —> aX -f- "I - cZ • • • 

the speed is given by: 

V = kC\C\C\ . . . 

and the order of the reaction is the sum of the indices / 4- m -f n . . . 
It is to be observed that the order of a reversible reaction is often 
different in the reverse direction as compared with the forward 
direction. 

The characteristics of each type of reaction may be discovered from 
the mathematical expression of the Law of Mass Action. 

I hus a unimolecular reaction proceeds at a speed proportional 
to the concentration of the reacting substance. Consider such a 
reaction as may be represented by the equation: 

A -*£ + C+ • . . 

Suppose that at the beginning of the reaction there are a gram-mole¬ 
cules of A present per litre, and that after a time t has elapsed x 
gram-molecules of A have undergone change so that there are now 
a-x gram-molecules of A remaining. Then, using the notation of 
the calculus, we have from the Law of Mass Action: 

dx 

v = — — kla - x) 
dt ) 


i.e., 


dx 


= kdt 


a- x 

which on integration gives us: 

- log, (a-x) = kt -I- C 

where C is a constant which can be evaluated from the fact that when 
t — 0, x =; 0. We then have: 

- iog,a = C 

log. — 
t a-x 

/’ is, of course, a constant known as the velocity co?istanl of the reaction. 
I his equation is characteristic of the behaviour of all unimolecular 
reactions. 

A similar reasoning applies to bimolecular reactions. Let us consider 
the reaction 

A+B-»C+D + E... 

Suppose that, as before, the initial concentration of A is a gram- 
molecules, and for simplification let the initial concentration of B be 
the same. Let x gram-molecules of each have reacted after time t. 

1 hen by the Law of Mass Action we have 
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V = — = *(«-*)* 

dt 



which on integrating gives 


When the initial concentrations of the reacting substances are different 
the calculation is more complicated, but need not be considered for the 

^ Reactions of higher orders than the second can bei dealt with in a 
similar manner, but their treatment lies outs.de he.copeofthc 
present work. For their discussion reference should be made to book 

on physical chemistry. 

§ 8 Some Typical Reactions of the First and Second Orders 

The investigation experimentally of the velocity with w „f 

proceed, with a view to the determination oft* j “^Xlidsms 
considerable importance since it enables us toe in ' • ^ 

of many such reactions. The experimental methods available mat 

summarized as follows: formulae deduced 

(i) comparison of the experimental data with the formulae a 

as in § 7 to discover which they fit; , , th coin p| e tion of a 

(ii) determination of how the time re i concentration of the 

given fraction of the change depends up mU ch 

reacting substances (actually a modification of (.) 

practical convenience): , ... c h reactant separ- 

(iii) determination of the order as in ( ) • , found is the 

ately in excess, in turn, when the sum of the orders 

order of the reaction. 

Unimolecular Reactions . 

Experiment has shown that tnity unimo^uUr reac^ ti ^ Uu , 

expectedly rare. The best-known case reaction is usually repre- 
decomposition of nitrogen pentoxide. 1 his reaction 

sented by the equation: 

2N 2 0 6 -► 2N 2 ° 4 + °2- . 

which would lead us to conclude that it is .^l^ou^^rUc-rvals, and also, 
gated by measuring the pressure af «; o( oxygen 

since it takes place in solution, b> n < dissolved in carbon 

evolved when it was allowed to decompose when n.sso.% 

tetrachloride. , . ithr when investigated under 

Many reactions appear to be unimo . so an d are termed 

given conditions, though they are ( j ^ arc gas reactions 

pseudo-unimolecular reactions. Many ol tnese 
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which only take place at the surface of a catalyst. (See § 9 for discus- 
|sion of the phenomena of catalysis.) The walls of the vessel often 
behave as such a catalyst, in which case the reaction is called a wall- 
reaction, and measurements then frequently indicate a unimolccular 
reaction where, in fact, the reaction is of another order. (This is 
further explained in $ 9.) In the case of nitrogen pentoxide this point 
has been investigated and it has been shown that a wall-reaction is 
not involved. 

I he fact that the decomposition of nitrogen pentoxide is uni- 
molecular. whereas our equation for the reaction would show it to be 
of the second order raises an interesting point. It is evident that two 
consecutive reactions are involved, one of which is much slower than 
the other. \\ henever we make measurements of reaction velocity in 
cases where a series of reactions is involved, it is clear that the actual 
speed observed will be that of the slowest of the reactions occurring. 
In the case of nitrogen pentoxide, it is likely that the reaction measured 
is \\n, ► N 2 0 4 -f O, which is followed by the very much faster 
reaction: 

O + O -> O, 

I his is an example of the way in which measurements of reaction 
velocity assist in the elucidation of the mechanism of reactions. 

Pseudo-uniniolecular reactions have been referred to above, and one 
type, viz.. wall-reactions, mentioned. Another important type of 
pseutlo-unitnolecular reaction is that in which one of the reacting 
substances is present in a concentration relatively so large that its 
concentration does not change appreciably during the course of the 
reaction. A case in point, which has been much investigated and 
which may be mentioned, although it belongs strictly to the study of 
organic chemistry, is the hydrolysis of esters such as methyl acetate. 

1 his reaction is represented by the equation: 

( H 3 ( OOt H 3 -f 11,0 v=* CHjCOOH -f CH 3 0H. 

\\ hen carried out in dilute solution tins reaction appears to obey the 
unimolccular law since the amount of water present is too large to 
have its concentration appreciably affected by the reaction. This, 
incidentally is the prim iple underlying method (hi) mentioned above 
for determining the order of a reaction. 


Hiinolecular Reactions 

I'imolecular reactions are found to be by far the most common type 
reactions of a higher order than two are found to be rare. 

1 In- d<-emuposition of ozone into oxygen is an example of a bi- 
tii<dt i iiiai reaction ; and the reaction between hydrogen and iodine 
vapour, like the reverse reaction, is a straightforward hiinolecular 
change, as would be expected from the equation: 

IU 1 2 2111. 
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This reaction was extensively investigated by Bodenstein. whose 
results indicated that both reactions are indeed bimolecular. lhe 
calculations involved are rather more complicated than those gi\en in 
§7 since the reaction is a reversible one so that the velocities in both 
directions must be taken into consideration. It can be shown how¬ 
ever, that the velocity constant for the decomposition of hydrogen 
iodide, at a given temperature, can be calculated from a knowledge of 
the amount of hydrogen iodide decomposed in a given time, and the 
amount decomposed at equilibrium. Similar considerations app \ a so 

to the combination of hydrogen and iodine. ™ 

The hydrolysis of organic esters (e.g.. ethyl acetate) sodlun 
hydroxide is an example of a straightforward, irreversi > c m <• 
reaction. The equation for it is: 

CH 3 COOC 2 H 6 -f NaOH = CH 3 COONa + C 2 H 5 OH. 

As the reaction proceeds, caustic soda is used up and so by ^t^numng 
how much of it remains at stated intervals, the rate of 
measured. For this purpose a dilute solution of eth>1 •; u • • 

with an equivalent quantity of sodium hydroxide »o u u> ‘ 

simplified form of the equation for the velocity of the reaction may Ik 
employed) and kept at constant temperature in a t u i mo> « • * 4 - 
volumes of the mixture are withdrawn at state \i t . * .. ■ 

immediately with excess of standard acid (to s op r -»i|* .li used 
then titrated back with standard alkali. I he amountJ al!kah 
is thus known, and hence the quantity of ester decomposed can lx 

“sometsults obtained in an experiment o. this kindare *>> 

Table XXI, which shows clearly that the bimolecular equation is (- 
obeyed and not the unimolecular 


Table 

XXI —Hydrolysis of Ethyl Acetate 

Time 


1 . a 

1 

/ (rt- x) 

On minutes) 


(unimolecular) 

(biin<>|i*cular) 

6 

16 

5*70 

9-87 

0-0893 

0-O84O 

0*0070 

0-0087 

0-0089 

25 

11-88 

0-0524 

0-0088 

35 

12-59 

0-0442 

0-0087 

56 

13-09 

(MM.).' 



a - 10 00 gm.-mols. 


§ 9 Catalysis 

We have seen that the speed at which a chemical reattion 
depends upon the physical conditions (m*., teinpeia • ^ t | u . 

under which it takes place, and also upon the co u extent 

reacting substances. It is also affected, sometimes u 4 * k 
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by the presence of a small quantity of a foreign substance; that is to 
say, a substance which does not appear in the equation for the reaction 
and which can be recovered unchanged chemically after the reaction 
is over. Such a substance is called a catalyst or catalytic agent and 
the general phenomenon of the alteration of the speed of reactions 
by the presence of catalytic agents is termed catalysis. A catalyst 
may thus be defined as a substance which, when present in compara¬ 
tively small amount, influences the speed of a chemical reaction with¬ 
out itself undergoing any permanent change in quantity or chemical 
composition. Catalysis is generally taken to include the retardation 
of a reaction, as well as its acceleration, though the more familiar and 
more practically important cases of catalysis concern the increase in 
speed. 

The usually accepted criteria of catalysis are due to Ostwald and 

are: 

(i) the catalyst must remain unchanged in amount and in chemical 
composition at the end of the reaction ; 

(ii) only a small amount of catalyst is necessary to produce a 
measurable effect; 

(iii) the catalyst cannot start a reaction, but only alters the speed of 
the reaction; it does not alter the final state of equilibrium in a 
balanced reaction; 

(iv) in a balanced reaction, the catalyst alters the speeds of the 
forward and hn< k rea< (ions to the same extent. 

1 1 he considerations discussed in the earlier sections of this chapter 
indicate that (iv) i^ a necessary consequence of (iii).) 

I hese criteria are sometimes true only with certain restrictions or 
tenervations. I hu> tin* requirement that the ratalvst should remain 
unchanged only applies to the chemical composition; in many cases 
it manifestly does not apply to the physical condition. Thus, for 
example, if in the preparation of oxygen from potassium chlorate 
using manganese dioxide as a catalyst (see page 303) the manganese 
dioxide is m the form of small lumps to begin with, it will be found to 
have In come disintegrated to a tine powder in the course of the reaction. 
Similarly, in the oxidation of ammonia to nitric acid, using platinum 
as catalyst (see page 117) a smooth platinum surface is found to have 
become roughened. 

I he criterion that only a small quantity of catalvst is necessary is 
usually sound In fact, the minute quantity of catalyst which will, on 
occasion, produce a marked effect is one of the most striking characteris¬ 
tics • >( catalytic phenomena. Thus, in the absence of catalysts, the 
oxidation of solutions of sodium sulphite by oxygen takes place only 
'lowly (see page n'3.3). But in the presence of minute traces of copper 
the speed of the reaction is noticeably increased. Thus, for example, 
a concentration of copper ions of only gm. per litre can 

be readily detected, and even allowing the water from which the 
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' th llTere 0 ha 0 s X beena n good deal of con trovers^ as ^o^vhe'her a caUlyst 

can or cannot initiate a reaction. & any ■ ^ for exam pi e , 

judge, do in fact seem to be starte ^ ; nfluence 0 f water 

some of the observat.ons o Bake th ^ many react jons 

mentioned on page 290. This work t ju is objection has 

cannot take place at all in the absence of «aitcrj lm ob^ ^ ^ 

been answered by the assumption however, between 

proceeding, but infinitely slowl y. d £f* ,0 ^ d one which is not 

a reaction which is proceeding mhn ' | y anc j f or purely 

going at all. is clearly of * hc ^V O IT iSni has said: ” It 
practical purposes may be ignored. whether we sav that the 

comes to the same thing experimet < j s so smali that there 

velocity of a reaction is absolutely null, or that it is so 

is no way of detecting it.” • ivc different products with 

Again, there are cases where rta _ k■ nickel decomposes 

different catalysts. Thus, akohol in jn contact with alumina 

into acetaldehyde and hydrogen, r)y c .. rbon mon oxidc and 

ethylene and water are formed. - formaldehyde; with chromic 
hydrogen in presence of copper g <- nu kel methane and water 
oxide, methyl alcohol; not only start, 

result. Thus it appears that “, X. mlC al reactions, but they can 
accelerate or retard the speed of ... course of a reaction, 
also in some cases direct or determ c . cons jdercd under two main 
The phenomena of catalysis are usuallv cataly sis. 

headings, viz., homogeneous cata > - . p jn whic |, the catalyst is 

Cases of homogeneous catalysis • b sur f a ce. Thus, the 

not separated from the reacting nf the catalvsis of reactions 

commonest examples of this type an 4 * , . . \ typical example is 

in solution where the catalysts are a s - , latc by the presence of 
the acceleration of the hydrolysis o hydrochloric acid. 1 he 

a small quantity of a strong au< . j nt | lcra teofhydrolysis, 

addition of the acid causes a very arg * ‘ . va poui plvw. mention 

As an example of homogeneous ca a y' s oX j ( | 1 . and oxygen will not 

may be made of the fact that ca present. (Cf. page -90.) 

combine unless a trace of water va l )0 . >t . |)ara ied from the reacting 
In heterogeneous catalysis. 11ie < a •» . * samples are the manulic- 
mixture by boundary surfaces. ^ ,n l ,< ' ' >x i«and oxygen in the 
ture of sulphur trioxidc from su p produclion of ammonia 

presence of platinum (see page * Vi lV <imeen in presence of iron and 
by the combination of nitrogen an< potassium and aluminium 

traces of molybdenum or (more u* • y 
oxides (see page 400). 



234 


MODERN INORGANIC CHEMISTRY 


[Chap. 


§ 10 Types of Catalyst 

It is probable that almost all reactions are capable of being catalysed, 
and that almost all substances can act as catalysts for some reaction 
or other. There are, however, certain types of substances which exhibit 
catalytic power to a greater degree. These may be classified as follows: 

(i) substances readily oxidizable and then easily converted back to 
their original condition: 

(ii) hydrogen ions; 

(iii) water; 

(iv) metals: in particular those of Group VIII of the Periodic 
Table. 

rhe mechanism of these actions probably varies from case to case, 
but, in the main, it seems as though the action is to be ascribed to one 
or other of two main classes, viz.: 

(i) the formation of unstable intermediate compounds; 

(ii) the formation of a “ condensed " layer of high concentration of 
reacting substances on the surface of the catalyst. 

Considering now the types of catalyst mentioned above in the light 
of these ideas, we can attempt to find an explanation of the action in 
individual cases. 

(i) Readily oxidizable compounds probably owe their effectiveness 
to tlie formation of intermediate compounds. An example of this 
type of catalysis is the decomposition of solutions of hypochlorites in 
th.e presence of cobalt oxide, whereby oxygen is evolved (see page 512). 

1 he equation for this reaction is simply (in the case of sodium hypo¬ 
chlorite): 

2NaOCi = 2NaCl 4- 0 2 . 

but it is probable that the cobaltous hydroxide which is present in the 
mixture is oxidized to cobaltic hydroxide by the hypochlorite, and 
this being unstable readily loses oxygen, so reverting to the cobaltous 
condition, when the process is repeated: 

2Co(OH) 2 -f- XaOCl -f H.,0 = 2Co(OH) 3 -J- NaCl 
2 Co(OH) 3 = 2Co(OH)., 4-O-j- H,0 

04-0 = 6., 

Another example of this type of catalysis, and one of great industrial 
importance, is found in the manufacture of sulphuric acid by the 
chamber process in which the oxidation of the sulphur dioxide is 
catalysed by the presence of oxides of nitrogen (see page 4(»(i). 

(ii) Hydrogen ion is a most efficient catalyst in many reactions. The 
acceleration of the hydrolysis of ethyl acetate by the addition of 
hydrochloric acid mentioned above is an example* of this, since all 
aci<l> behave* similarly and the common constituent of these is (on the 
Ionization I heory) the hydrogen ion. The precise mechanism of this 
action is not known with certainty, though Bronsted and his collabora¬ 
tor have met with a certain measure of success in the correlation of 
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' the catalytic effect of ions in general with modern views of valency. 
The subject is too advanced, however, for discussion here. 

(iii) Water is apparently almost, if not quite, the universal cat^yst. 
The majority of reactions appear to be retarded enormously if nol 

prevented altogether, by the intensive drying of the react, "fX b ,, !oueh 
Very numerou! examples of this effect are now known, ch.efh ro Hih 
the work of H. B. Baker, and the whole subject is discussed in som. 
detail in Chapter 18 (page 290) in the section on Water. 

(iv) Metals Whatever may be the exp anat.on o , J ‘ \ 

ac ivity of the substances referred to in .), (..) and Amt abo ^ (and it 
is quite possible that in many cases mterrnediate 

formed) the large group of catalysts comprise u ^ lc h 

metals can hardly be thought to act in this way- 1 esneciallv 
as platinum, nickel and iron, are very etk*cti\e c« • • * til | vs { s 

where hydrogen is concerned, and many of the e\u \ > 

involving their use are of great technical import ana. . . ( t be 

The most probable explanation of this bcha 01 

connected with the fact that these metals have I t j |C „ asos 

or adsorbing* large volumes of gases. It is < surface o? the 

contained in a reacting mixture arc condcnset o ( -^ ns n f t |io 

metal in a layer one molecule thick ; the oca ^ ( j ic ra t e of 

reacting substances being thus greatly mercasc 

"Tfchis is the basis of the effect seems 

is not the whole explanation seems equally ‘ t „ t |ns NVa v, 

lion of some reactions is too great to be ^ounttd . . 

although the fact that the greater the surface area ol tin 

greater the effect, shows that this is )ri aboUt t he formation 

Again, the fact that different catalysts an scrms very 

of different products from the same reacting - 

difficult to explain. will-reactions causes reac- 

The observation that the occurrence o c no | ocll | ar (pseudo- 

lions of higher order than onctoappe r^ ^ bl , understood, 
unimolecular reactions), referred to u s • ce t) j t |ic walls of 

For, if the reaction is only taking place o . reacting substance 

the vessel or other catalyst, the active mass «f t h Mtuu a|| 

is that in the layer adsorbed on the surface ° -p not i, t . propor- 

the adsorbing area is covered, the rate <> r« a« r ( ,f t | lcroac tion 

tional to the pressure of the gas. and hence the tr tordc ro.^ ^ ^ 

is obscured. Below a certain value of 11 I ' " \ f () j t j„. reaction ; 

of reaction will be such as to indicate tn . general this 

lor all the adsorbing surface will not be covered. Hut M 

condition is not observed. , . , IIH .,als may be men- 

Among important examples ol <ata> 

tioned the following: 

• An increase n, the concentration or condensation o, matter on a surface » 

called adsorption. 
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(i) combination of hydrogen and oxygen in presence of platinum 
(see page 264); 

(ii) combination of sulphur dioxide and oxygen to form sulphur 
trioxide in presence of platinum. (Contact process for sulphuric acid, 
page 468); 

(hi) combination of nitrogen and hydrogen to form ammonia in 
presence of iron. (Haber process, page 400); 

(iv) oxidation of ammonia to nitric acid in presence of platinum 
(Ostwald process, page 416); 

(v) the hardening of oils by hydrogenation in presence of finely 
divided nickel; used in the margarine and soap industries. 

1 he last four are of great technical importance, being the basis of 
large industries, and the industrial applications of catalysis are con¬ 
stantly being increased. Several of these are referred to again in later 
chapters. 

Promoters 

It has been found that in some cases of catalysis, the addition of yet 
another substance, which of itself has no catalytic activity, causes an 
increase in the effectiveness of a catalyst already present. The effect 
might be called the catalysis of a catalyst." A case in point is the 
addition of various oxides to the iron used as catalyst in the Haber 
process for the synthesis of ammonia (see page 400). This effect is 
usually found in the case of solid catalysts, and the added substance 
i-* known as a promoter. I he way in which promoters act is uncertain. 
It has been suggested that they prevent the main catalyst particles 
tmm coalescing, or crystallizing into larger aggregates, so maintaining 
a larger active sur'lace. But, as with catalysis in general, it is quite 
lik'-ly that there are different types of promoter action each of which 
requires to lx? explained in a different way. 

t atalv-ds in general must be regarded as a term which covers a group 
"I phenomena of many and various kinds, having only in common 
the !.» t that the speed of a reaction has been changed by the presence 
“f h»r •ign substances. It is unlikely, therefore, that any single 
1 M 1-illation can be found for so many diverse effects. 


CHAPTER 15 


THE APPLICATION OF THE LAW OF 
MASS ACTION TO ELECTROLYTES 

The evidence is so unambiguous and conv.ncmg ttai mods and 
combine with more or less of the solvent, that .t seems that it can no« accepte 

as a fact of science.— H. C. Jones. 

§ 1 Ostwald’s Dilution Law 

According to the Electrolytic Dissociation Theory of Arrhenius^ an 
electrolyte in solution at moderate dilutions consists of a system n 
equilibrium, viz., the undissociated substance and .ts on. As such. 

its behaviour should be in conformity with the . ' ' , 0 ni?ation 

Thus suppose we have the substance A H undergoing ionization 

in solution, we have, according to Arrhenius, the equi 

A B ^ A * + B 

and if we apply the Law of Mass Action it follows (using the same 
notation as previously) that 


C A ‘ 

C 


= k 


The constant k is then known as the ,omzatu», or d *«« <”" 
Suppose that we have 1 gram-molecule of olect o j tc n , h res o 

solution, and that the degree of dls ^V ,U °" iinbeWtroMc will 
is a. Then, at equilibrium, the amount " f " h j x gra m-molecules. 
be (1-a) gram-molecules and of each of the ions 

Substituting in the above expression we then have 


a 

'UL-k 

1 - a 
v 


That is, 


a 4 


= k 


(1 - *)V 

The application of the Law of Mass Ac*'on. in mathematical 

gested by Ostwald and the expression so 

form of what is known as Ostwald’s Dilution • undertaken. 

The experimental testing of this expression . ^ point 

and a large number of organic acids was «nv^gated from ‘n P 
of view by Ostwald himself, while Brcdig examined a number 
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As a result, the law was found to hold excellently for slightly ionized 
(or weak) electrolytes, but to be very wide of the mark for highly 
ionized (or strong) electrolytes. 

1 his failure of the Law of Mass Action in this form to apply to any 
but weak electrolytes has caused much attention to be directed to the 
revision of the Ionic Theory, since the consistent success of the Law of 
Mass Action in. every other field in which it has been tested makes it 
yrry improbable that it is at fault. I his matter has been referred to 
in C luipter 12, § 1), where an outline of the attempts to surmount the 
difficulty has been given. 


§ 2 Solubility Product 

Although the exact quantitative application of the Law of Mass 
Action to electrolytes in solution is somewhat limited in scope, we are 
able, nevertheless, to use the law in the elucidation of many of the 
phenomena connected with precipitation, and the behaviour of mixed 

electrolytes 

I.« t u» consider first the state ot affairs existing in a saturated solution 
of an electrolyte .1 Ji which ionizes thus: 


A B ^ A * + B ' 

1 he active mass of the solid being constant (cf. page 221), the Law of 
Mass Action applied to the ions gives the expression: 

f A' L u 


= k 


AH 


whi-rv ( aii represents the active mass of the solid salt. Now, in a 
solution. ii by any means the concentration of either ion be increased, 
Mr ' <puli!*iium i- disturbed and when, as in the case under discussion, 
- Ti:i.»n is already saturated, this means that the solution will tend 
mated, and hence some solid will be precipitated. 
I his i** m agreement with experiment, for it is found that the solubilitv 
usually diminished in the presence of another compound 
with a c«anm' mil Further, in a saturated solution, at a given 
•« ing constant, the expression given above may be 


temperature. ( 
rewritten 


CT- ( 


— A ( A „ 

= AT 

Where AT is a new constant which is called the Solubility Product of 
the substance We see, lm», that a condition for saturation of a solu¬ 
tion is that the product of the concentrations of the ions should be 
equal to the solubility product. 

I amiliai examples of this phenomenon are the precipitation of 
sodium or potassium chlorides from saturated solutions bv passing 
hydrogen chloride through the solutions, or by adding a concentrated 
aqueous solution ol the acid. I he phenomenon is quite general. 
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Barium chloride may be..substituted for 

concentrated nitnc acid will P recl P‘■» , tion Q { s j| ve r bromate will 

aqueous solutions; a nearly saturat n j tr ate or sodium 

give a precipitate of silver bromate. J «Jer » a saturated 

bromate be added to the solution . so precipitation of the last- 

solution of potassium chlorate will lead to the precipu 

named salt. 

§3 Application to Qualitative Analysis. Precipitation 

These conclusions enable us to 'Yn W hTch ideti t itica t ion 

the operations of ordinary qualitative . <• > ■• depends to a large 
and separation of the different substances £«««£» 
extent on their solubility (or precipi a ) t)iat so | u tion tends 

A substance is precipitated <r ?™ ,■ h , 0 f t i K . preceding section, 

to become supersaturated ; or. ii n len ds to exceed the 

when the product of the concentration of its ions 

solubility product. n( silver nitrate and add 

Now suppose we have a norma hydrochloric acid. There 

to it an equal volume of a normal so .nitate of silver chloride, 

will be an immediate formation of a ^ } nitrat c and the hydro- 
The reason for this is now clear. ^ ^ thorc will be. in 

chloric acid are both highly ionize ‘ , -j vcr j on and of chloride 

their respective solutions, concern ra ' ioll . )cr litre. The mixed 
ion of something approximating to ' 0 . 5 gram-ion per litre of each, 
solutions would therefore contain about O o grai 
The product of these concentrations thus 

C.\*-Co- = ^ . i -7 x 10 

whereas the solubility product o^ sUvcrchlon ipitat i on of silver 

Hence the immediate and virtually compici i 

chloride. . . «roiios in qualitative analysis 

The separation of the meta V,-.- their sulphides in different 
depends upon the different solu > . s ITU . ta |s whose sulphides 

circumstances. Thus, one K[ oll P ? ()n per and cadmium), whereas 
are precipitated in acid solution (e.g.. I precipitated as sulphides in 
others (e g., zinc and manganese) are o Vi. tan b e understood 
alkaline solution. The reason for this t*na 

in the light of the foregoing. milnhide. there will be a certain 

In a saturated solution of hy ro ^» . j 0 ns related according <> 

concentration of sulphide and of hydrogc 

the expression: 


Cjr£* 
C„ 




* h drogen 

the actual concentrations of the ions bej g 4 bL q oW ). The addition 
sulphide is only feebly ionized m solution ici. 8 
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of hydrochloric acid to this solution will cause a large increase in 
hydrogen ion concentration, since hydrochloric acid is highly ionized 
in solution. In order to maintain the equilibrium; therefore, the 
concentration of sulphide ions must be diminished, that is to say. the 
ionization of the hydrogen sulphide is driven back. In fact, the 
concentration of sulphide ions in a saturated solution of hydrogen 
sulphide is approximately 10”* gram-ion per litre in absence of hydro¬ 
chloric acid; whereas in the presence of twice normal hydrochloric 
acid it is only 10“ 20 gram-ion per litre. 

Now suppose we have a solution containing soluble salts of copper, 
cadmium, and manganese, each of about “ normal ” concentration. 
I he solubility products of the sulphides of these metals are approxi¬ 
mately : 

Copper sulphide . . . 8-5 x 10~ 4S 

Cadmium sulphide . . 3-6 X 10~ 29 

Manganese sulphide . . 1-4 x 10 _,s 

The concentration of copper ion in a normal solution will be slightly 
less than 0*5 gram-ion per litre since the copper salt will not be com¬ 
pletely dissociated at this concentration and the copper ion is divalent. 

1 he concentration of sulphide ion in presence of hydrochloric acid is. 
as we have seen, approximately 10~-° gram-ion per litre. So that, if 
we add hydrochloric acid to the solution of the copper salt and then 
saturate the solution with hydrogen sulphide, we have 

C C u- X Cs- = 0-5 x 10- 20 

a number many times larger than the solubility product of copper 
sulphide, which is therefore precipitated. 

A similar value would result for the product ol the concentrations 
of the metal ions and sulphides in the case of solutions of salts of the 
otln i metals named. In the case of cadmium sulphide the solubility 
product is exceeded and so it is precipitated; but the solubility 
product ot the sulphide of manganese is not reached so that it is not 
precipitated. 

Similar considerations explain why the hydroxides of iron, chromium 
and aluminium are precipitated by the addition of a solution of 
ammonia to solutions of salts of these metals to which ammonium 
chloride solution has been added, whereas the hydroxides of manganese, 
cobalt, nickel, zinc, calcium, etc., arc not precipitated. 

I lie common-ion eflect which is involved in the above explanations 
also applies in the reverse way in the solution of precipitates in some 
cases. For example, just as in the equilibrium, 

Ali ^ A' -f li ' 

solid 

the addition of a solution ot a substance giving the ions .4* or H' will 
cause precipitation, the addition of any solution causing removal of 
either A * or /> will bring about solution of some of the solid AH . 
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As an example, we may take the ca j*^^^use^he pr eci P itation 
salt. The addition of ammonia so u excess G f a strong solution 
of magnesium hydroxide. If now ' jn the concentration of 

of ammonium chloride, the J ar 8 e . chloride being largely 
ammonium ions which results ( a ™ back the dissociation of the 
dissociated at moderate dilutions) ^ , uces the concentration of 

ammonium hydroxide, and hen u ilibrium: 

hydroxyl ions to a very small value. The equilibrium 

Mg(OH), 5 * Mg" + OH' + OH' 

solid 

~ if not nil the magnesium hydroxide wil 
is thereby upset and some, if not a , 5 

dissolve again. . , cnhition ot precipitates by the 

Another related phenomenon is the: sol P cQt f Ux {on wlth 

addition of a soluble substance which_ca example j£ the solution 
ions derived from the precipitate. ammonia. This is a conse¬ 

nt a silver chloride precipitate ini aq ^ mbjn( , with amm onia to form 

quence of the fact that silver ions uilibrium 

a complex ion [AgfNHJJ' and that the equilibrium 

Ag- + 2NH 3 ^ (Ag{NH s ) t r 

lies far over to the right-hand side. thans ^ precipitate of 

!&’ «.« maintains U* 


and although 
tion of silver 


AgCl ^ Ag- + Cl' 

solid 

i, owing to its very low ^that^equilibrium 

non oi silver ions is low, it is y e |/"“ C ad dition of ammonia causes silver 
with argentammonium ion, so t 

chloride to go into solution again. • separating copper from 

A similar fact is made use of somcl^ mes^m J ^ of pot ^siu.n 
cadmium in qualitative anal>sis, > l( j w |,i c h are in equihbnu 
cyanide solution. Complex ions a | c „ u -tal ions; but where* s> 

with only small concentrations o equilibrium with only a \e \ 

the complex ion formed from co PP^ * . t f rom cadmium requires* 
small concentration of copper io . j un for equilibrium. 1 

considerable concentration of < a - OI1 so low that on P'V*!* 1 . ^ 

result is that the concentration of coj] r vcry small ^’'ubihty 

hydrogen sulphide into the so u ’ ccc( ] c d and so no precipita o 
product of copper sulphide is n °, . r t he cadmium ion is P r ^ 

results. In the case of cadmium, solubility product of cadi 

in sufficiently high 

sulphide to be exceeded and so it I 
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§ 4 Strengths of Acids and Bases 

Many definitions o! an acid have been given (see. lor example, Chapter lb, 
§ 9). but from the point of view of the Ionic Theory an acid is defined as a substance 
which when dissolved in water (or an ionizing solvent) furnishes hydrogen ions 
as the only positive ion. A base similarly, in terms ol the Ionic Theory, is a 
substance which yields hydroxyl ions as the only negative ion, when dissolved 
in an ionizing solvent (usually water). The general and characteristic properties 
of acids are thus those of hydrogen ions, and those of bases are the properties 
of hydroxyl ions. 

These conceptions give us a means of investigating the problem of the strengths 
of acids and bases. We say that sulphuric acid, for example, is a strong acid, 
anil that acetic acid is a weak one. since the former will attack more substances 
(particularly metals) with greater vigour than the latter. But this criterion is 
vague, arbitrary and often misleading As shown below, the Ionic Theory (in 
conjunction with the Law of Mass Action) furnishes us with a criterion applicable 
to a great many cases, and giving results in harmony with other methods. 

The action of sulphuric acid on sodium chloride (page 503). which results in the 
formation of hydrochloric acid, seems to prove that sulphuric acid is stronger 
than hydrochloric acid ; but when hydrochloric .acid is added to a solution of 
silver sulphate, silver chloride is precipitated. The hydrochloric acid expels 
the sulphuric acid from its combination with silver: 


AgjS0 4 + 2HCI -- 2AgC! + H 2 S0 4 . 


.and it seems as if hydrochloric acid is stronger than sulphuric acid. These 
two conclusions are contradictory and there must therefore be a fallacy in 
our reasoning We have wrongly assumed that the two acids were competing 
for sodium and for silver under similar conditions. This is not the case. When 
hydrochloric and sulphuric acids compete for the sodium, the hydrochloric acid, 
Ix'ing volatile, escapes from the system as fast as it is formed; while the non¬ 
volatile sulphuric acid alone remains behind Again, when sulphuric and 
hydrochloric acids are competing for silver, the hydrochloric acid carries the 
silver away from the sulphuric acid as an insoluble precipitate of silver chloride. 

lo compare the relative strengths of the acids, and. niutatis mutandis, of the 
bases, it i*. necessarv that the comparison Ik* made under conditions where the 


reacting at ids and tie* products of tin* reaction arc in the same physical condition 

>a > • 1,1 solution I Inis, if an equivalent of a solution of sodium hydroxide 

lx* iiUMd wit’ an equivalent ol a ?-olution id sulphuric acid and an equivalent of 
livdi'H hloru i l. the two acids can compete for the one base under the same 
conditions. . hence the stronger acid will be able to unite with more sodium 
than the ur. teid In Imi.'I, ( . I,. Bertliollet pointed out that when a neutral 

salt is diss«•!*.. •: I an acid is added to the solution, the free acid enters into 

competition le combined acid, and they both act on the alkali base in the 

ratio of then rt.spiA tive concentrations as though no combination hail existed. 
It cannot theiefoiv bi said that it all the conditions remain equal, one acid dis¬ 
places anotliei Torn tin* base with whit h it had been united, but the base is shared 
between the twe ai ids I he proportion m which it is so shared depends upon the 
coticentiatioTis u the respective acids as well as their strengths in the sense in 
which that word is ti-vd in this section. 

It is found expeiiiiientally that the same result is obtained when equivalent 
quantities of sodium h\dioxide, sulphuric acid, and hydrochloric acid are mixed 
together, as when cijun alent quantities of sodium sulphate and hydrochloric 
acid, or equivalent quantities of sodium chloride and sulphuric acid, are mixed, 
provided, of course, the whole ol the system has been allowed to stand long 
enough for equilibrium 

I he proportions of a base shared between two acids, or ol an acid between 
two bases, cannot be determined by the ordinary methods of chemical analysis 
without disturbing the equilibrium of the mixture The distribution of an acid 
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between two bases, or ol a base between ^tuo ^acids.^ mu*t be tUllStratlon . the 

physical processes which do not inter hydroxide bv sulphuric acid is 15 011 

equivalent heat of neutralization ol s . , ' on mixing hydrochloric 

Cals.; and by hydrochloric acid ^ displaced by the hydro- 

acid with sodium sulphate, all th P tbc decomposition ol the sodium 

chloric acid, the thermal effect resu 8 jjioride would be 13*74 — lo-hJ - 
sulphide, and the formation of the jj^miJ \ scCom | ar y reactions between 

-1-95 cals. After making a small all ° * ‘ foun(1 that the thermal value 

sodium sulphate and sulphuric acid. J. „ ows t hat -1-3 4* “ 1 °. r a ^ out 

of the reaction was - 1*3 ^als. H . e bi wlt h about two-thirds ol the base 
two-thirds of the hydrochloric acid combines . u |,,Kuric acid combines 

to form sodium chloride; and •^® n ^^ 1 ® , 11 |p| ia tc. A similar result was 
with the other third of the base to form \J ?Uwte acid as with **■««" 

obtained with a mixture of sodium clilo | ^ t j K . competition of sulphuric 

sulphate and hydrochloric acid. Con co ,', n ,arable conditions, the hydro- 

and hydrochloric acids lor sodium under >u , |)h uric acid, and conse- 

chloric acid can hold twice as much strong as sulphuric acid 

quently, hydrochloric acid is nearly , * the specific gravity, index <> 

Similar Jesuits have been obtained b- of the d.llerent acids 

refraction, absorption of light, etc. effects ol the diltcrent acids on 

have also been determined by measuring the 

speed of hydrolysis of cane sugar. metliN . t t . th o! an acid is related 

From the point of view of the !on.c l lico^tln ^ ^ i|rcmn>t that ,> 

to the extent to which it furnishes hydro* , hc concentration of hydrogen 

to the concentration ol hydrogen ions _ o< llK . ( ||ttcreiU acids ih nc< 

ions depends upon the degree of io b | v i, t . rxpiesscd in terms u 

relative strengths of the acids can P The -peed of a reaction d»p«- * 

electrical conductivity of equivalent ^• 2, ,,. , ol the H* u>n> l» h d o- 

upon an acd is thus connected *«*'*"“> on" are ready t<> react with the metal 
chloric acid, a greater number ol h>c ** . available hvdrogeii m h\ rot 
than in acetic acid, and consequently t >* * ^ hut few 

acid is more rapidly exhausted than ' n u*nt and consequently t it. 

a condition to react with the metal at am nionu >n 

progresses slowly for a long lime. t acetic On the ass I 

Hence hydrochloric acid a ,f as that of the conducm t - at 

that the order of strength of act* s : . |,| oric and nitric acitl> an y . 1 \ 

corresponding dilution, we find jj*® ^ ,,. r tli.in sulphuric -n id > .1 s 

matcly equal strength and &'«.!*■ »- <' rikr *" 

cated in the last column ol I able X vl . ^ 


Table 

XXII —B*»-ativb Stubwotiis oi- Acip» 

i , , .. i a % > i f t * 


Thomsen’s 

Thermal 

Method 

Specific 

Gravity 

Method 

Ester 

Hydrolysis 

Method 

Comlucii' 

Method 

11141 

Hydrochloric acid 
Nitric acid 
Hydrobromic acid 
Sulphuric acid 
Phosphoric acid 

Acetic acid 

100 

100 

HU 

40 

13 

3 

100 

100 

07 

08 

1 25 

100 

01-5 

54-7 

0 35 

00 o 

100 

05-1 

7-3 

0 4 


Hydrochloric acid has been taken as ‘lo/tlu- other mid- thus 

and its strength arbitrarily called ri i t i,at of hvdrm hlorii and .i.i.oiieh 

express their strengths as percentages * . Hie jiticrciit melho *». • 

This tabic shows that the results obtains > 
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not in exact quantitative agreement, are yet sufficiently close to show that the* 
order of strengths is consistent and that the relative strengths of these acids are 
very close to the values derived from any of these criteria. The discrepancies 
between them may be due to differences in the conditions under which the 
different determinations were made. 

Similar results have been obtained from investigations on bases, trom which 
it has been found that sodium hydroxide and potassium hydroxide are strong 
bases, whereas ammonium hydroxide is a weak base whose strength is not much 
more than 10 per cent, of that of potassium hydroxide. 

The Hydroxonium ion.—The correlation in the way just described of the 
strength of an acid with the concentration of hydrogen ions in the solution 
requires some modification in the light of the modern view that the ion which is 
really concerned is the hydroxonium ion H,0' as discussed on page 205. 

One of the difficulties of the simple ionic theory of acids is that, on modern 
theory, for a substance to ionize it must be an electrovalent compound, whereas 
many acids when quite pure do not conduct electricity and hence must be pre¬ 
sumed to be covalent compounds. Consequently, the fact that they give con¬ 
ducting solutions requires some further explanation. 

I Ins explanation is furnished bv the conception that the ion formed is not 
If, but H,0\ For water is capable of co-ordination (Chapter 9) and can act as 
a donor by virtue of the lone pairs of the oxygen atom. Considering the case 
of hydrogen chloride, assumed to be a covalent compound (when pure it is a 
non-conductor), the oxygen of a water molecule can co-ordinate on to the hydro¬ 
gen chloride molecule giving a " molecule " which can now louize, one of the 
ions being the H 3 0* ion. This may be illustrated by the scheme: 

H 

:0: + H :Cj: 

H 

In general, therefore, the solution and ionization of a strong acid in water is to 
be represented by the equilibrium 

HA -+- HjO" + A 

and tin- phrase hydrogen ion concentration " must be taken to refer to the 
Hj<>* or hydroxonium ion. 



§ 5 Salt Hydrolysis 

h m::'ht be expected that solutions of --.illmade by the combination of 
equivalent quantities of acid and base would show a neutral reaction (cf. page 247), 
but tin** is found in many cases not to be true Thus, for example, although 
s«>1 it 11 *»tis of sodium chloride are neutral, as would be expected, solutions of 
potassium « yaunle aie alkaline while those of feme chloride are acid. 

1 In- nature Ot this efioct depends upon the telalive strengths of the acid and 
b.i-.r from winch the salt i> made. 1 hus. sodium chloride is the salt of a strong 
acid and a strong base and is therefore neutral On the other hand, hydrocyanic 
acid is a \ny weak acid and hence its potassium salt (potassium hydroxide being 
.t strong base) i> alkaline in solution. Similarly, ferric hydroxide being a weak 
s ' 1 * 1 " Oh tlie .stioiu acid liydr'H liloric acid is acid in aqueous solution 

1 his.behaviour »*t salts. Known as sail hydrolysis, is owing to the fact already 
noted in C haptcr 12 tp.ige I!•!*> that water itself is very slightlv dissociated into 
hydrogen and liydroxvl ions: 

H J > ~ • If + OH' 

the product of the concentrations oi these ions being approximately ID”** at 
ordinary temperatures, i.e. 


oil 


ltl~ U . 
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Now suppose that we have » solution* saltAB. be.ng the sa.t resu.fng Iron, 
the combination of the acid HA and the base BOH . 

HA + BOH = AB + H.O. 

Now the salt in solution will be largely ionized 

AB ?iA’ + B' 

so that the solution will contain a highization $ of the water H 

no,hing part,cu,ar wiU happ<; " 

for the equilibria + A - 

BOH 5 B* + OH al| 

will be such that large concentrations ol ions A «s a weak acid, 

concentrations ol acid or base But > PP extent in solution Nie circum- 

that is to say. it only dissociates to a \cr> an acW will then momentaril> 

stances resulting from the solution of a sa ion * along with a high concentration 
involve the coexistence in the solutior nccntra tions will largely exceed th. 
of A' ions, so the product of the two concentrat^ by its dissociate 

required by the equilibrium relations ol the acia. 
constant, i.e., 

Ch- X C A _ dissociation constant (small lor a weak acid). 

C"* , will combine to form uncliasociatcci HA. 

Accordingly hydrogen ions and A *^ n> . lrom the water is thereby • 

the equilibrium between the H water to restore the ^ l.bnurn 

and more hydroxyl ions will be h>rnu . , lons will thus accumulate 

between the water and its tons. > 

solution, which will therefore be alka show that the salt ol » 

A similar reasoning, mulaln 

with a strong acid will S ,ve J{" aC ‘ bich J iay be represented by tl>e < , d u 
Neutralization (sec page .111), which may ■ 

H.\ + BOH - BA + H.O , base 

is. in one sense, the formation ol * Tan acid and a base by the 

Hydrolysis is thus, in one sense, t it 

action of water on a salt: lfl , un ij 

BA + H.O - H< l)C conveniently summed 

and so is the reverse of neutralization- £ n<j . 
up by combining these two € ^ uatl " ul J a i ij5a tion 

H A + BOH ^ BA + H.O 

hydrolysis 

§ 6 Indicators ^ of Utmus 

The action of acids and alkalis.in ch ^^ tary chemistry. Sub- 
solutions is one of the familiar ro | our in this way. are know ■> 
stances such as litmus, which cha fi . between these two gro \ 
indicators and have been used to disti . 

of compounds at least since the 1 US cd for this purpose. 

Many natural colouring matter* ca J )(aj ^. d (rom certain hchu s 
most important of which are h • fu< ^ Q j an Indian pla ( 
and turmeric which is obtained fro j s t ur ned red by acidb 

same as is used in making curry). 
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blue by alkalis, while turmeric is yellow in acid, and brown in alkaline 
solution. 

Many synthetic organic dyes are now used as indicators; some 
important ones are methyl orange (red with acids, yellow with alkalis), 
phenolphthalein (colourless with acids, red with alkalis), bromothymol 
blue (yellow with acids, blue with alkalis), and thymolphthalein (colour¬ 
less with acids, blue with alkalis). 

Indicators arc largely employed, not only for distinguishing between 
acids and alkalis, but also for determining the end point when titrating 
acids with alkalis either for the preparation of salts, or in the quantita¬ 
tive operations of acidimetry and alkalimetry in volumetric analysis. 

I he colour change of some indicators in common use is not easy to 
detect, particularly in artificial light. Methyl orange is an example of 
this. A more easily noticeable end point can often be secured by using 
a mixture of the indicator with an indifferent dye. The use in this way 
of methyl orange mixed with another suitable dve such as indigo 
carmine or xylene cyanol FF has been found advantageous. These 
are examples of a screened indicator. The colour change in the latter 
case is from green - grey magenta as the solution passes from the 
alkaline to the acid side. 


Theory of Indicators 

According to < >stwald s theory of indicators these substances are weak acids, 
or weak bases wh'»>»* colour is ditleicnt according as they are in the ionized 
or non 10111 /ed condition I Ini', according to Ostwald the behaviour of phenol- 
phthalcm which i> a weak acid is to be represented: 

II \ ^ H — A 

colourless '-y- • 

red 

I he addition of an acid will mcreasi* tin* concentration of hvdrogen ions, so driving 
b.o U the disv .k i.ition »i the indicator which become', colourless Addition of an 
alka!. inverses this pr«ic**s> by removal of hydrogen ions Similar considerations 
m-t\ t<. explain the behaviour of an indicator, such as mcthvl orange, which is 
a weak base: 


XOII ^ 

vellow 


X + OH' 



It is r. »w y nerallv b»*li»*v«*'l that tins is not the whole story, since marked 
rhaiu’t f « 'l«uii in organic I'heniistry betokens a change ol structure. This 
ditu< i !t\ *s mi l b> the assumption, now well pistiiied. tliat m addition to the 
• •jui!;’ :n;i: •• 'wn i* uudissoii.tled indicator and its ions, there is .mother c(]ui!i* 

. two forms of the indicator itself I his is represented in the 
following scheme: 


XIIO XOII ^ X* - r Oil' 

yellow red s -^- • 

ret I 

T o methyl orange I he saint* principles however, still serve to 
■ -\pl.ini tie < iicit oi .it itl or alkali in causing the change of colour of an indicator 
as the two equilibria are interrelated and interdependent. 
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Choice of Indicator 

Experiment has shown that an indicator changes colour within a 
small range of the hydrogen ion concentration of the solution which con¬ 
tains it and that this range is different for different indicators. / nou- 
ledge of the values of the hydrogen ion concentration during uhic h the 
colour change takes place is thus important, as it determines the choice 

of indicator for a particular operation. • 

This choice depends also upon the way in which the 
concentration changes with the relative proportions ° a ( 
and we must now consider this in typical cases. 

Neutralization as we have seen is. according to the Ionic Thcor> . prima 
the combination of hydrogen and hydroxyl ions to form "ater 

HA ^ H' + A' 

BOH ^B’ + OH' 

H* + A' + B* + OH' =* H,0 + 13* -F A' 
i.e.. H* + 0H' = H 3 0 

Strict neutrality is. therefore, achieved " ,K * n '^aliic^m pure water), 

concentrations arc equal (and equal according > „ aqilcoU s solu- 

Now the value of the ionic product for water is co slant m^i I lo 

tions. at a given temperature, and approximately equal, as 
10““ at 18° C.: 

C H . X Co„* - 

At the neutral point, the H* and OH' concentrations are equal: 

c »C • » \/l’0‘ 14 a l°“* 

If the H* concentration is greater than I0~ 7 the solution is acid . if it is less tha 

10 Tbfc ^portent quantity, the concentration^ol^hydtioii 1 aV/d^is 
represented by the number in the mdex e, , so | lltlon (concentration ot 

then described as the pH value 1 hus a ncuirai 

H* = 10-’) has a pH = 7. and so on f rcqmrc .,| lor any titration or 

It might be thought from tins that the U . (uc 0 | the solution 

neutralization was one- which changes colour »h n tlu pti ^ ^ 

is 7. But a little consideration will show tn. i t » lV( | ro lvsid m solution and 
the preceding section wc saw that manv sa *■ • m .' |lra | | >u i acid or alkaline 

that their solutions in consequence are no uas m a( |c was the stronger. 

according as the acid or base Iron* which w •« * llixa | cll t quantities of 

Conversely, it follows that although cl.cm.rj. ^ac.i 1 1 u , 1K . utr . , ll „ . hate 

an acid and a base have been mixed, the ,| tr( ll „ So that it follows 

a PH value ol 7) il acid and base- were is determined by .he' 

that the choice of indicator for any P» rhemicallv equivalent quantities 

hydrogen ion concentration of the solut.on when clu m.ca.it I 

of acid and base are present. n «*ntionc<l above change colour are 

The pH ranges at which some indicators mention 

approximately as follows: 

• litmus: 5 0 to 8*0 
bromotliymol blue: 0-0 to 7 

methyl orange ; 2 3°ltO 4 4 

• Litmus is not now used in ^amounts the*colouring matter, 

natural product, it is liable to contain ^ better than the solution. 

It is useful in qualitative tests; for these litmus paper is Dei 
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thymol blue: 8 0 to 9*6 
phenolphthalein: 8-3 to 10 0 
thymolphthalein: 9*3 to 10*5 

From these figures we can derive the general rules indicated in Table XXIII as 
to the choice of indicator for a particular titTation: 


Table XXIII.— Choice op Indicators 


For the titration of 

Use. as indicator 

Strong base and strong acid 

Weak base and strong acid 

Strong base and weak acid 

Wcak base and weak acid 

Bromothymol blue 

Methyl orange or methyl red 
Phenolphthalein, thymol blue or 
thymolphthalein 

None satisfactory 


lhe fact given in the last line of the table is easily explained when it is remem¬ 
bered that the salt of a weak base and a weak acid is almost completely hydrolysed 
m solution; and that as the acid and base arc both weak, at no point during 
such a titration will the hydrogen ion concentration be far removed from that 
corresponding to neutrality (i.e., 10" 7 ). Accordingly there is no sharp change in 
r lo |\concentration, so that no indicator will show when equivalent quantities 
of acid and base arc present, in these circumstances. The titration of a weak 
acid by a weak base is consequently a process to be avoided 
The conclusions summarized in Table XXIII are also supported by investiga- 
, c ' va y ‘ n "hich the hydrogen ion concentration of a solution changes 
\Mtn the relative amounts of acid and base present in the neighbourhood of the 
equivalent point. The results of these investigations are summarized in the 
diagram Iig. lo.l which shows the changes in pH value with the relative amount 
of acid and base for some typical cases. 



The curve I of Fig. 15.1 shows this relation for the titration of a strong base 

on? ttrn?»h? C,d ° r c * am P lc ' f° dium hydroxide and hydrochloric acid) The 
long straight portion indicates that, in the neighbourhood of the equivalent 

!’n k V ry bma cxcvss of onc or other reagent produces a very large change 
! ’T co,u ; cnlrat,on Consequently, a suitable indicator will change 

r I?? i Ili Sha , rpIy * ancl ^ S . th , c slra,Rht portion of the curve extends over a wide 
langc of p II values several indicators are available. 

U - ). ,R - s,1 ° ws lhe similar relation for the titration of a weak acid 
(such as acetic acid) with a strong base; and Curve III that for the converse 

aC K,‘ C ;•* U [ 1 and wcak base * e -K*. NH 4 OH>. In these the curve 
the ° t/ a ‘ Kht l >ort,on - but is shorter than in Curve 1. Also 

the middle of the straight part (corresponding to equivalence) is displaced from 
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a pH value ol 7. and so an indicator whose colour change occurs at a pH different 

(in the appropriate sense) from / is reqwred. the absencc 0 f 

Curve IV shows the curve for a iint of this process, 

a straight portion shows that no indicator will mark tne enci P 


§ 7 Electrometric Titration 

The curves of Fig. 15.1 show 'jj^^^n’to^roncentra^ solution 
base there is a sharp change in the hidrofe weak). Measurement 

***** ** ^ vaient 

solution, the potential dilierencerc^J ^ ion concentration at various 

electrical methods. The value nlntu-d acainst the quantity of reagent 

stages during a titration can be foun P c | ca rlv the titre at the equivalent 

added. The resulting curve will hen [ yn elcct rometric (or potentio- 
point. Titration carried out in this way is known a 

metric) titration. developed, using thermionic valves 

During recent years apparatus has 1 directly on a meter as the 

whereby the pH value of the titration as quick 

titration proceeds, thus making j ‘ process can also be adapted to 

and easy as the methods using indicators, me i roc 

oxidation-reduction titrations. 
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thymol blue: 8 0 to 9-6 
phenolphthalcin: 8-3 to 10 0 
thymolphthalein: 9-3 to 10-5 

From these figures we can derive the general rules indicated in Table XXIII as 
to the choice of indicator for a particular titration : 


Table XXIII. —Choice of Indicators 


For the titration of 

Use, as indicator 

Strong base and strong acid 

Weak base and strong acid 

Strong base and weak acid 

Weak basc and weak acid 

Bromothymol blue 

Methyl orange or methyl red 
Phenolphthalcin, thymol blue or 
thymolphthalein 

None satisfactory 


I he lact given in the last line of the table is easily explained when it is remem¬ 
bered that the salt of a weak base and a weak acid is almost completely hydrolysed 
in solution; and that as the acid and base are both weak, at no point during 
such a titration will the hydrogen ion concentration be far removed from that 
corresponding to neutrality (i.e., 10~ 7 ). Accordingly there is no sharp change in 
H ion concentration, so that no indicator will show when equivalent quantities 
of acid and base are present, in these circumstances. The titration of a weak 
acid by a weak base is consequently a process to be avoided. 

The conclusions summarized in Table XXIII are also supported by investiga- 
tlo *? s tbc ' va y ' n "hich the hydrogen ion concentration of a solution changes 
with the relative amounts of acid and base present in the neighbourhood of the 
equivalent point. The results of these investigations are summarized in the 
( i a grain *ig. b.l, which shows the changes in />II value with the relative amount 
oi acid and base for some typical cases. 



The curve I of Fig. 15.1 shows this relation for the titration of a strong base 
!,t t ronR . ^ c,d fa?’ for example, sodium hydroxide and hydrochloric acid). The 
long straight portion indicates that, in the neighbourhood of the equivalent 
a v ! cr >' s,na11 excess of one or other reagent produces a very large change 
. olonVv T con ^‘ ntrat,on Consequently, a suitable indicator will change 

, / * , r ^ ' ’ an< ,as .the straight portion of the curve extends over a wide 

i.rngc of p\i values several indicators are available. 

il* r* K ‘ sh V" S lhe s,rnilar Nation for the titration of a weak acid 
aCK, . ) l Wlth a • and Curve III that for the convene 

Tt h h-,n r n ^ M c M f * and wcak basc * e 8- NH 4 OH). In these the curve 
the rnWHU tu er f b C straight portion, but it is shorter than in Curve I. Also 
he middle of the straight part (corresponding to equivalence) is displaced from 
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§2 Suspensoids and Emulsoids 

Colloidal solutions fall into one or other of^ two definite^categories 
of which exhibits certain definite charactenst.es. 1 hese 

are known as suspensoids and 1 emulsoias substan ce in the colloidal 
Colloidal solutions consist o particles of the subsume in truc 

state (intermediate in size between the ' vh icl. settle out 

solutions and the partic les o a ii QU id medium, usually 

rapidly when allowed to stand) disp 4 f so1k1s> the solution 

water. When the particles P^^^ pJrsed Jartic.es are droplets of 
is that of a suspcnsoid, if the “' , o( sus.iensoids are arsen.ous 
liquid an emulsoid is formed. -• j P ( cmu l S oids are gelatine and 
sulphide, ferric hydroxide and gold an colloidal solutions 

albumin. In regard to viscosity and ac^tens.o. . ^ „, abllltv , 

of suspensoids differ little if an > » movement see page -•">•>) and 
due to their motion (the Brownian ^ e | C ctrically charged (see 
particularly to the fact that the j ‘ v j SCOS itv i> usually much 

§4 below) In the case of emulsoid.the > anJ medium 

greater than that of water the sur . ^ ^ greater or less extent by 

in which they arc dispersed is • ‘ > { thest . solutions, therefor*-, 

the colloidal particles 1 he stab it> naturc o( tbt > medium in 

depends to a considerable extern I ( electrical charge 

which they are dispersed and not » ' 

on the particles as in the case of suspensoids. 

| 3 Preparation of Colloidal Solutions 

Since many colloidal solutions are ^ejn 
(being precipitated or coagnla e* electrolytes as lar as possibl*. 

sary, in their preparation^ 

also to use very pure materials . 

The principal methods a va» a tjm( , s b y dialysis (see below 

(i) Chemical precipitation, followeu 

for explanation of this term) - s arc „ ethocl. 

(ii) Electrical dispersion, c.g., ureo k 

(iii) Mechanical dispersion. methods will now be given. 

Examples of the use of each ol tncs 

Chemical Precipitation „ r ,.nnitated from a very 

When a very sparingly soluble substance s p is ( , ra( ii, ally 

dilute solution, in circumstances sue u | ts Thus, for example. 

free from ions, a colloidal solution n |ucnl‘V m wat( . r is saiurate.l with 

if a cold, dilute solution of arsenic tn „ ()W slR .,, coarse particles 
hydrogen sulphide and S„ tiol i of arsenic sulphide is obtains . 

as have been formed, a coilm «a .... q 


As, 0 3 H* -iH -P 





CHAPTER 16 


THE COLLOIDAL STATE 

§ 1 Graham's Experiments 

It has already been mentioned (Chapter 10, page 152) that inter¬ 
mediately between true solutions of solids in liquids and coarse 
suspensions, there exists a class of solid-liquid mixtures which are 
known as colloidal solutions. Again, in Chapter 11 (page 175) it was 
pointed out that soluble substances, like copper sulphate, can diffuse 
through a solution. 

1 he phenomena of diffusion in general were extensively investigated 
by Graham, who, as we saw in Chapter 2 (page 24), was able to 
deduce, from the results of his experiments with gases, the law of 
gaseous diffusion known by his name, and which has been confirmed 
on the basis of the Kinetic Theory. 

When later (in 1861) Graham turned his attention to diffusion in 
liquids, he found that there was often a very marked difference between 
the behaviour of different substances. This he noticed particularly 
when studying the rate of diffusion of salts through parchment paper, 
for he found that certain substances, such as glue or gelatine, diffuse 
through the parchment only very slowly: the membrane* was almost 
entirely impervious to these substances, but substances like sodium 
chloride, or magnesium sulphate pass readily through such a membrane. 
Graham applied the term colloids—from the Greek KoXXa (kolla), glue 
—to those substances which diffuse but slowly through the parchment; 
and since crystalline salts are typical of those substances which diffuse 
rapidly, he called l hem crystalloids. 

Subsequent experience has not upheld Graham's distinction between 
crystalloids and colloids as representing different kinds of substances; 
for many substances can exist in either condition according to circum¬ 
stances. In consequence, it is now usual to consider these as states, 
lather than as types of matter, and accordingly we speak of substances 
whose behaviour is that which Graham associated with colloidal 
substances as being in the colloidal state. It is now known that, at 
my rate in a great many cases, the determining factor is the size of 
the particles concerned. 

• The membrane used in these experiments must be distinguished carefully 
1,0,11 * semipcrmeablc membranes used in osmotic pressure investigations 
an- whKh are impervious to dissolved solids of all kinds, allowing only the passage 
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sudden condensation by the wate, causes i. to .e„,in in the ooUo.dal 
state. 

"SSS —an sometimes b.-* » £ g^fott, 
aStarf 1 b, “ k 

a little gum. * d recen tlv in the use of the so-called 

This principle has been extended rece t t0 t int0 colloidal 

“ colloid mill/’ The suhstanee wlwc^ » d ^ ^ ^ (or what ever 

solution is suspended as a coarse P solution ) an d the whole is 

liquid is to be used as the me close together and rotating in 

passed between two plates kc[ 7 (M)0 reV0 lutions per minute, 

opposite directions at a speed o * • . ground sufficiently 

By this process, only a Proportion of the^soli ^ ^ large particles 

fine to form a stable colloidal so u » ^ reduced to particles o 

settle out; but a proportion is nevert 
colloidal diameter. 

i 4 Properties of Colloidal Solutions 
Colloidal solutions exhibit certain P™P erties wlUfh 

of Ught passed through such a s °|“V" n throug h water or a true solution, 
track, whereas a similar beam p k phenomenon is known as 
is not as a rule visible in tins way. h's pm m this trac k is 

Tyndall effect. Furthermore the h ^ in the system 

polarized, so that it is evident that theneare^ scattcri ng of «gM. 
particles which are sufficiently large ‘ j ven with the aid of a 
though they are too small -^"^clcs 


mg both their number and their si • • . tions ls . . , 

A remarkable fact about colloidal s ^ of solutions of electro- 
electrically charged; not that, .as 1 j num bers of particles of each 
lytes, there are in a given sohition eq a n solution are charged^in 
electrical sign, but all the par ic t solutions the par IC c * • 

the same sense. Also in some colloi( i a l solutions. of__fcrnc 


hydroxide), whereas in otners --- , e charges 

sulphide, for example). The ex.s to a source of potential 

the fact that if two electrodes. C ion tllc . particles are foU ‘ , 

difference, are placed in a colloi ot | K .r, and by observing in 
move slowly towards one pole or c j iar gc can be determine . 

direction they move, the nature ^ to j ar g C extent, kcej b 

It is. the existence of this charge which, 
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particles of a colloidal solution dispersed through the medium with 
which they form a colloidal solution. For since all the particles in a 
given solution carry the same charge, they are prevented by the 
natural repulsion between like charges from coalescing and so forming 
larger particles which would ” settle-out.” Granted that the particles 
are of sufficiently small size, and that they are prevented from coalesc¬ 
ing, they will be kept dispersed through the medium by the molecular 
motion of the medium—the phenomenon known as the Brownian 
Movement (see below). 

As a consequence of the fact that the particles of a colloidal solution 
are prevented from coalescing by the electrical charges which they 
carry, it follows that any disturbance of the system which tends to 
neutralize these charges will cause coalescence, and hence precipitation. 
This accounts for the fact that addition of electrolytes to colloidal 
solutions frequently causes precipitation ; for the electrolyte furnishes 
ions of both signs, one or other kind of which, being opposite in sign 
to the charge on the colloid particles, will discharge them and hence 
cause precipitation. It is also in accord with this observation that the 
efficiency of an ion as a coagulating agent is roughly proportional to its 
valency, that is, to the number of charges it carries. This is known as 
the Hardy-Schulze Laic and is illustrated by the following figures 
which give the concentration of typical electrolytes having monovalent, 
divalent and trivalcnt cations required to precipitate arsenious sulphide 
(Table XXIV). 


Table XXIV.— Precipitation of Arsenious Sulphide 


Electrolyte 

Concentration required (in 
gin.-mols. per litre x 10 -3 ) 

NaCl 

510 

KCI 

500 

MgCl, 

0-72 

BaCl f 

0*07 

AIC1, 

0-003 


It i> to be noted that, as the particles in a colloidal solution of arsenious 
.sulphide are negatively charged, it is the cation which is effective in 
causing coagulation and precipitation. In the case of a positively 
charged colloid, such as ferric hydroxide, the efficiency of an electrolyte 
as precipitant depends upon the valency of the anion. 

A further consequence of the differing sign of the charge on different 
colloidal particles is ihe fact that two colloidal solutions whose particles 
are oppositely charged will, when mixed, cause mutual precipitation. 
I his i^ well illustrated by the action which takes place if suitable 
quantities of colloidal solutions of ferric hydroxide and arsenious 
sulphide are mixed. Both these solutions are coloured, but on allowing 
the mixture to stand the supernatant liquid becomes quite colourless 
if the proportions of the two solutions were correctly adjusted. 
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The Brownian Movement , . y. nn \A 

If very fin. p.rfid.s of an solid ” ‘St 

they are found, on examination, to , as t j,e Brownian 

quite continuous. This phenomenon s known “ ^ it m 

Movement, after R. Brown, the botanist who tost ouse^ ^ ^ 
1827. It can be observed with particles of m c^ ^ o( th ,. 
those of gamboge or lycopodium an Kinet j c Theory of 

particles, the brisker the m° tlon . ' admissible explanation of 

molecular motion seems to furnish t , neroctual movements 

the phenomenon. According to th,s . h f°7heiT mo ecu « continually 
of the molecules of the liquid resu m tbae ™ to am | 

striking the suspended particles, 1 hUS f ^r ^ this assumpt,on. that, a> 
fro in the liquid. It would be expected «on this .11 ^J* n ,oro vigorous 

is found to be the case, the movemcn s colloidal particles an¬ 

as the size of the particles is diminished Since » inic roscope 
much too small, as a rule, to seen directly under t vigorous, 
(see |5). their motion, due to the W - ‘bey an- 

and hence they show no tendency . 

prevented from coalescing into larger agg ^* * t j ons of the Kinetic 
It is interesting to note that using the^^ wei , n th , motion 
Theory. Einstein was able to calculate a relation^ t a ^ ^ Avof . ?< im 

of a particle undergoing the Brownian^ j ccu i e _p a «»e77). I his 

Number (the number of molecules in a g an j gave a value tor 

relation was used in the <'.^Tnbtaincd by very different methods. 
N in good agreement with that * ' 

A concentrated colloidal so . lut J" n " a ' l ;l warming. A familiar 

cooled, and pass back into a solut «R* soaj) solution, and tin- 
example is afforded by a gelatine so i j alternate cooling and 

process of forming a jelly and of times. A jelly of 

warming can be repeated an nub structure, often of a honey - 

this kind is found to have a heterogc • |i,.uid. and is known 

comb type, the cells being occupied by m* ou. I 

as a Gel. rn umlation. Thus, for example. 

Gels are also obtainable, at times, y • )arcl j a s described on 

if a colloidal solution of ferric hyt /' i.’ s ; na g|assvcssel.agelatm- 
page 252, be allowed to stand for ^oim (> l,tained from silicic acid, 

ous solid is precipitated. Similar ge * t | 1C y retain water very 

and aluminium hydroxide, and *'<• * Q , | H . a t olten exhibit the 

tenaciously, but when dried by a ‘ again. Some gels, such 

power of absorbing Urge quantities examp | Ct m that they do 

as silica-gel, differ from that ol g ■ * • .j ie resemblance between 

not liquefy again on warming, bu ° 

the two types is close. . • industrial processes, barge 

Colloids find many applications m mdustr » 
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quantities of silica-gel are manufactured for use as absorbents for 
gases, for which it is found to be as effective in many cases as charcoal. 
Its ability to absorb large quantities of water has been made use of, 
for example, for the purpose of drying the blast used in the smelting 
of iron (see page 842). It also possesses the power of absorbing many 
substances from solution and has been applied to the removal of 
sulphur compounds from petroleum. It is almost certain also that 
dyeing is a colloidal process—certainly most dyes form colloidal 
solutions. Plastic clay becomes an easily pourable " slip M in the 
presence of a small percentage of alkali, a principle which is extensively 
used in the shaping of clay wares by casting. This is a very beautiful 
process and gives excellent results. The treatment of sewage is also 
a colloidal problem since a large proportion of the impurities are 
present in colloidal solution. The use of alum in precipitating sewage 
is explained by the efficiency of cations of high valency in bringing 
about the coagulation of negatively charged colloids. Other industrial 
processes involving colloids are the manufacture of paints and tanning; 
while they are intimately concerned in such diverse matters as the 
study of the soil, biological processes in general, and the formation of 
deltas at the mouths of rivers, but the discussion of these topics is 
outside the scope of the present work. 

§ 5 The Size of Colloidal Particles and its Measurement 

It lias been noted atmve that tin* particles ol .1 colloidal solution are too small 
to be seen dircrth. even with .1 powerful microscope Hut the scattering of 
light which they an- capable >*t « ausmg. and which make* the track ol a beam of 
light passim: tlu<*u;d. the solution visible *a phenomenon known as the Tyndall 
effect), ran be ma le use ol in order to detect their presence, and hence to count 
them. 

I he wn\ in win h this is don. is by means 01 the ultramicroscopc, a device 
due to /.Sigmon lv An intense b« am ol light arc light, or better, a beam of 
bright "ii Hindu is h used mt< the liquid under examination, so that the light 
enters the lupin' it r. :.t ancles to the direction in which it is viewed under the 
microscope I his is illu- n.ited. dia^r.iriimaticullv bv Fig. 16.2 



Whili- the opalesc* in «• • >1 tin I \ n lall elfeei merely shows that a solution 
• onl.iiii*. a number •! do t it. i individual particles in suspension, the ultra- 
nil' 10-c.»p.- enables * • :Ju 1. pattn les to be detected I lie ultra microscopic 

particles appear .is v/at tenne 1 1 -*» s .»t light with a dim or dark background 

Bv means o: the tdtt.nu,. 1 ..pe, it is possible to count the particles in a 

minute, but know'n. quantit\ *t a colloidal solution It then the total weight of 
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the particles present in a larger (but also known) volume of the solution is deter¬ 
mined, it is possible to calculate their average size. i 

Other methods of determining the size of colloid particles are based upon the 
rate at which the particles settle (if they are large enough to do so); ultratilt ration . 

and the colour of the solution. ... , ... 

The first of these methods is only applicable to fairly arge particles, as other- 
wise settlement is not sufficiently fast, even if it takes place at all. the calcula¬ 
tion involves the use of an expression known as Stokess Lav.. i”) tll 
relation between the rate of settlement under gravity and the radnus of tlI k 
particle, the viscosity and density of the medium and the densit\ of the partiu 

^Membranes can be prepared oi dificrent degrees ol porosity so ‘hat colloid 
particles of different sizes may be separated by passing the so>lu < " 

them through such a membrane. Such membranes are known as dtnfilten 
and can be prepared by impregnating filter paper \Mth gcla i • „ 

formaldehyde, or with collodion. By using solutions of diftere i c ' ^ * 

membranes of different porosity can be obtained and can be usee 
size of the particles of a given colloidal solution. . rtj lh(vir so .,. 

The relation between the size ol colloid particles ami 
tions depends upon the effect of small particles in e ausiUf, ' , ■ ros ol)e< 

as mentioned above in connection with the I ymlall effect am 1 * . nor i 

The scattering effect is greater for long waves than for s hort and 
marked the smaller the particles. On the assumption >a * a certain 

in shape, it is possible to calculate the size of particle nvi.v*** * - 4 ^ 

(observed) colour. This has been tried experimental v an & 

in satisfactory agreement with those of other methods. 


CHAPTER 17 


HYDROGEN AND WATER 

Inflammable air is undoubtedly charged with abundance of the principle of 
inflammability.—T. Bergmans (1779). 

. Water is absolutely indispensable to both animal and vegetable life; it is the 
cause of many of the most striking phenomena in nature; and it is employed for 
countless purposes by man.—P. F. Frankland. 

§ 1 History and Occurrence 

History 

It has been known for a very long time that an air or gas is produced 
when iron is dissolved in dilute sulphuric acid. T. B. Paracelsus, in 
the sixteenth century, described the action somewhat quaintly. He 
said that when the acid acts on iron " an air arises which bursts forth 
like the wind." J. B. van Helmont (c. 1009) described this gas as a 
peculiar variety of air which was combustible and a non-supporter of 
combustion, but his ideas were somewhat hazy, for he confused 
hydrogen with other gases, like methane and carbon dioxide. Priestley, 
and writers generally up to about 1783, used " inflammable air " as a 
general term to include this gas, as well as the hydrocarbons, hydrogen 
sulphide, carbon monoxide, and other combustible gases. H. Cavendish 
(1700) showed that the inflammable air produced by the action of dilute 
sulphuric or hydrochloric acid on metals like iron, zinc, and tin was a 
distinct and definite substance, and A. L. Lavoisier (1783) called the 
gas " hydrogen." 


Occurrence 

The element hydrogen occurs free in nature in comparatively small 
quantities. The atmosphere is said to contain traces of hydrogen to 
the extent of one part per million or less. Hydrogen is also present in 
volcanic gases; in the gases from the Stassfurt salt beds; and in some 
meteorites. The presence of hydrogen in natural gas from the oil fields 
ha? been denied, although many published analyses of these gases 
include ' hydrogen." The sun’s chromosphere shows what appear to 
•)e stupendous flames of incandescent hydrogen, in some cases towering 
over 300,000 miles (M. Fenvi, 1892) into space, and 100,000 miles in 
width *C. A. Young, 1872)—thousands of times larger than the earth 
on which we live. Spectroscopic observations also show that hydrogen 
is present in nebulae and certain stars. 

Combined hydrogen is common. Water contains one-ninth of its 
weight of hydrogen. Hydrogen, together with oxygen, is one of the 
chief constituents of animal and vegetable tissue. Hydrogen also is 
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present in nearly all organic compounds, and in many gases methane, 
the hydrocarbons, hydrogen sulphide, etc. 

§ 2 Production of Hydrogen 

The methods available for the formation or preparation of hydrogen 
fall into three main groups: 

(i) The electrolysis of aqueous solutions; 

(ii) the displacement of hydrogen from its compo 5 

^(mWecornposition by heat of compounds containing hydrogen. 

Electrolysis lim . .. . 

Pure water is ionized to such a very' slight degree (see page^^ 
it is almost a non-conductor and hence cannot k i .: • ^ 

the electrolysis of aqueous solutions of elec ro () i, ta ining 

hydrogen at the cathode is often a convenien i y . C cording 

the element. Solutions of acids, bases or salts can be used according 

to the circumstances. , . r ! rin *ed ion 

When such solutions are electrolysed, the po> i;» K . ra u*d. In 

will move to the cathode, and there be dischargee . ^ rc . a chiiiK the 

solutions of acids the cation is a hydrogen ion, • solutions of 

cathode, is discharged and liberated as hydrogi j>‘ _ , m t | u . water, 
bases or salts cations are metal ions and hydrogi hydrogen. 

If the metal be higher in the electnKtonjcJ than^ ^ 

the latter will be evolved at the cathode . ( I ^ (in 

positive than hydrogen, the metal will 0 | 0Ctr oly-i> 

electrode. Consequently hydrogen can be <> * - electropositive 

of solutions of acids and of compounds of metals more duir 1 

than hydrogen. 

Displacement of Hydrogen f water 

Hydrogen may be displaced by suitable means, eithc 
itself, or from solutions of acids and alkalis. 

Displacement from Water . • m alH | rakium. 

.The more Active metals, such as sod.um.^l’otassmn^ an ^ 

will displace hydrogen from cold water, <> ’ Tin* liberation 

magnesium, will, when heated, ‘^YTAw-nboii of white-hot ■ .,rbwi. 

from steam can also be brought about by tl" > , , monoxide and 

which produces a mixture of equal volumes of ‘■a™"" ™ 
hydrogen, known commercially as water gas fj ^ U ( li as an- 

hydrogen can be separated from tire mixture by mem 
described below. 

Displacement from Acids liV . rnLM . n replaceable by a 

Acids are substances which contain > . K V <| ro i#«*n directlv. 

metal (sec page 312). Many metals can repku ^ aclion is only 

though, in the case of weak acids (cl. P a fc> ** h 
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very slow. Also those metals which are below hydrogen in the electro¬ 
chemical series (Table XVII, page 208) will not displace hydrogen 
directly, and acids which are also oxidizing agents, as, for example, 
nitric acid, enter into secondary reactions which often result in the 
hydrogen being oxidized (see Chapter 20, page 420) to water. The 
action of diluted solutions of the common mineral acids, hydrochloric 
acid and sulphuric acid upon zinc, iron or tin, furnishes a convenient 
method for the preparation of hydrogen in the laboratory. 

Displacement from Alkalis 

A number of elements will react with concentrated solutions of 
alkalis, such as sodium hydroxide, with the liberation of hydrogen. 
Such are aluminium, zinc, tin and silicon, all of which displace hydrogen 
from a hot concentrated solution of caustic soda. The action may be 
represented in the case of zinc by the equation: 

Zn -f 2NaOH = Na 2 Zn0 2 -f H 2 

from which it is seen that in the other product besides hydrogen, viz., 
sodium zincate, the zinc is found in the electronegative (or acidic) 
radical, whereas when it is dissolved in hydrochloric acid it is the 
electropositive radical in the product (zinc chloride). 

Decomposition of Hydrogen Compounds by Heat 

Hydrogen results from the action of heat on substances such as 
sodium formate, which is thereby converted into sodium oxalate with 
evolution of hydrogen 

2H.CO.,Xa = (C0 2 Xa) 2 + H a ; 
and on certain hydrides >uch as that of copper, 

uII = 2Cu -f II 2 . 

I hese methods, however, aie of theoretical interest only. 


§ 3 Preparation and Manufacture of Hydrogen 

1. Preparation of Hydrogen in the Laboratory 

For general laboratory work, hydrogen 
is prepared by the action of dilute 
hydrochloric acid or sulphuric acid on 
granulated zinc using an apparatus 
similar to that shown in Fig. 17.1. 

This apparatus consists of a two¬ 
necked Woulfe's bottle,* A, into one 
^ neck of which a one-hole rubber stop¬ 
per is fitted with a thistle funnel, B, 
I' 1 ' 1, 11 1 - extending nearly to the bottom of the 

bottle; the other neck is fitted with a 



* Thr tubulated 
b> 1 -Vtrr Woulfc in 


bo" cs tor washing gases appear to have been first described 
1 * M - bcncc the term Woulfe’s bottles, not " Woulff’s bottles." 
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glass tube, C—delivery tube—bent as shown in the diagram. The 
delivery tube dips under the beehive shelf. D, placed in a basin of 
water, E. The vessels D and E form a collecting, gas, or pneumatic 

Some water is poured through the thistle funnel until the zinc i> 
well covered, concentrated sulphuric acid is then added, a littk at a 
time, through the thistle funnel until the gas begins to come o 
vigorously. It is necessary to make sure that all t ic ai «^ ^ 

expelled before the hydrogen is collected in the ga>* c> m< 1 8 

jars, F. To make sure of this a test-tube full of u* ga> > 
and a lighted taper is applied to the mouth of t k* 1 r * • .•.. 

gas detonates, the trial must be repeated until the gaa Jj J t ji* 
The reaction which is taking place may be nprtM c 

equation: _ 

Zn + H 2 S0 4 = ZnS0 4 + H 2 . 

If very pure zinc is used in this process the reaction mav be^very- 
slow, but it can then be accelerated by the addition ° ‘ 
sulphate solution. Iron filings or turnings can )e mi >> . ^ 

but the gas is then very much more impure and ha» ai u P 1 ^ 
smell due to the presence of hydrocarbons (i.e., compo t | ic 

and hydrogen) formed by the action of the acid on o . t l 

iron. A purer gas can be obtained by the use of > Z 

action of a solution of mercuric chloride, slightly am < ' 

chloric acid, on aluminium turnings. In this rc«i, t . n j e 
deposited on the aluminium and establishes a sma * 1 
which prevents the formation of a protective 
film of oxide or hydroxide on the aluminium. s' 

The equation for the reaction proper is: / \ A 

2AI 4- 0H 2 O = 2A1(0H) 3 4-3H 2 . \ J 

When a steady current of hydrogen is s' j 

needed for some time, or when variable quan- ji -1 ■ 

tities of gas are required intermittently’, the s' 

apparatus described above may with advan- / . yr 

tage be replaced by a Kipp’s apparatus. One i -j —B 

form of Kipp's apparatus is illustrated in 7 nr 

Fig. 17.2. If it is to be used for the prepara- 

tion of hydrogen, pieces of zinc rod are plat ed 

in the middle bulb, and dilute sulphuric acid y 

(1 volume of the concentrated acid to * q 

volumes of water) or hydrochloric acid poured 

into the upper bulb, A, and so to the lowest l ---> 

vessel, C. On opening the tap /. so that (i|<; .> Kipp s Apparatus 

the acid may displace the air in the appar- 

• The discovery ol the water pneumatic trouK 1 ' 'placebo1 water . 1 and 

Hales, about 1730. J Priestley alter wa rd* used n « rcur> |>iaec 

this enabled him to manipulate gases soluble m water. 


B 
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atus, the acid rises into the bulb B, where it reacts with the zinc, 
generating hydrogen. When the tap is closed the evolution of gas 
continues for a time and the pressure so developed forces the acid into 
the upper bulb A, and so away from the zinc, thereby bringing the 
reaction to an end until the tap T is opened again. 

For very accurate work, such as that involved in the determination 
of the combining ratio of hydrogen and oxygen (cf. Chapter 7, page 
100), very pure hydrogen is required. Various methods have been 
employed for this purpose, but the most usual now is the electro¬ 
lysis of a warm solution of recrystallized baryta contained in a hard 
glass tube, using nickel electrodes. This gives a relatively pure gas, 
but the last traces of impurity are removed by passing it over a hot 
platinum gauze where anv trace of oxygen present is burned to water, 
then through tubes of caustic potash and phosphorus pentoxide to dry 
it; after which it is passed into an exhausted bulb containing warm 
metallic palladium foil which possesses the property of absorbing 800 
times its volume of hydrogen. I nder these conditions only hydrogen is 
absorbed and so, by re-evacuating the bulb after cooling, all traces of 
gaseous impurities can be removed. On heating the palladium foil to 
a dull red heat, pure hydrogen is evolved. 

2. Manufacture of Hydrogen Industrially 

I he uses of hydrogen in the industries are increasing in number and 
variety, as mentioned in § 8 below, and so the production of hydrogen 
cheaply, and in quantity, is a matter of prime importance. The most 
impel taut industrial methods for making hydrogen are by extraction 
from water gas and by electrolysis. 

\\ater gas is the name given to that mixture of hydrogen and 
carbon monoxide and a trace of carbon dioxide which is formed when 
steam is passed over white-hot coke (see page 370). 

H 2 0 + C= Il 2 -f CO. 

i'i the llo sch process the water gas is mixed with more steam and 
i a- j over a catalyst, consisting of ferric oxide mixed with a trace 
<■: hi •mic oxide heated to 450 - 5t)(i . 1 he steam and water gas react 
wall *hr production of hydrogen and carbon dioxide: 

H, + CO+ HjO = 2H 2 -p COo. 

‘a - carbon dioxide is removed by washing the gas with water under 
a pressure of about 25 atmospheres. Traces of unchanged carbon 
m«»n-.»\ide are then removed by means of a solution of cuprous formate 
at 2oo atmospheres pressure. 

11 \drogt-n is manufactured by the electrolysis of a 20 per cent, 
solution of sodium hydroxide in cells fitted with nickel or iron elec- 
tlodes; oxygen is obtained at the same time. 

\ei\ lar-e quantities of hydrogen result as a by-product of the 
maun lac tine ol caustic soda (see page 497), and also of metallic sodium 
(page 573). 



17] 


HYDROGEN AND WATER 


263 



Fig. 17 . 3 .—Pouring Hydrogen 
upwards 


§ 4 Properties of Hydrogen 

Hydrogen is a colourless gas without taste or smell 
ordinarily prepared it may contain traces o 

or arsine) which give it an unpleasant smell. 1 10 b , down- 

for on plunging a lighted taper into a jar of the g a> J- 1 / t ^ 0 

wards, it burns with a scarcely visible blue flame at tle ™ 

jar, but the taper is extinguished, thus showing that : h\ £ ^ 

non-supporter of combustion. Its specific gravity ,b - () . 0S ,, 8 7 „ in 
parison with air, being only 0069. and its normal cloust> is < - r 

per litre. Its low density is well illustrated by theexpe 
Fig. 17.3, which shows that the gas can be poured upward, from one 

jar to another. It can be proved 
that the gas has actually been trans¬ 
ferred by testing the contents of each 
jar with a lighted taper. 

Hydrogen is not very soluble in 
water—100 volumes of water at 0 3 
absorb about 2*15 volumes of gas, 

-and at 20°, 1*84 volumes of gas. 

Hydrogen was once used as the stan¬ 
dard for atomic weights because it 

is the lightest element known, but ct'imHrd for the 

this was later abandoned in favour of the ox\g 

reasons explained in Chapter 6, page 95. hvdroL’cn are 

Hydro^n i, no. poisonous, but ^ P£“L» J’Vffl! 
suffocated for the want of oxygen. When > fc h < f n 
voice becomes shrUl—approaching falsetto. * h lro , cn |, c used in 
and other wind instruments is raised if a bla ) frequency 

Place of air. This is in agreement with the <Wuct.onrtaUbe.fa ,u ^ 

of a note varies inversely as the square re 

The critical temperature of hydrogen (page u’lo^liqwfyMha^ai'r’ or 
fact, - 239-9°, so that it is much more difficult to,l q^y urc „ 

most other gases. Furthermore, when h> k ^thcr gases 

allowed to expand through a small onlicc hottt-r. unless the 

which are cooled by this process, hydroge k _ 20.V C. Below 
temperature of the gas, before expansion, ib w lica allowed 

this temperature, hydrogen behaves like ai * 

to expand suddenly through an orifice. ol about 20 atmo- 

Just below the critical temperature, a I , c<) | our icss. rcsein- 

spheres will liquefy the gas. 1 he liquid is ‘ ‘ boi j s at _ -J52-7H . 
bling water, but it has a specific gravity » . I)a rtial vacuum. 

Hydrogen solidifies when the liquid is cva P^ * 0 an( [ | ias a specific 
The white solid is crystalline, melts at { hydrogen 

gravity 0 08. The data concerning the change ol state 

can be symbolized: 
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- 259-24° - 252-7S e 

Hydrogen solid ^ Hydrogen liquid ^ Hydrogen gas 

The spectrum of hydrogen, usually obtained by an electrical discharge in a 
vacuum tube, is simpler than that ol most elements. As long ago as 1885, 
Balmcr showed that a series of prominent lines which it contained (usually known 


as the Balmer senes) could be expressed by 


the formula R 



where, R is 


a constant, and u is a small whole number. In addition to the Balmer scries the 
spectrum is interspersed with fine lines, and. as mentioned in Chapter 9 (page 
140), Bohr, on the basis of his theory of the structure and behaviour of the 
atom, was able to account for this expression, and also, by making allowance on 
relativity principles for the variation in the mass of the electrons with their 
velocity, was able to explain the fine-line structure to a great extent. 


Hydrogen, as has been mentioned, is a combustible gas; the product 
of the burning of hydrogen in air is water: 

2H 2 + 0 2 = 2H 2 0. 

The recognition of this fact constituted one of the landmarks in the 
progress of chemistry and is more fully discussed below. If instead of 
allowing the hydrogen to burn at a jet it is mixed with air or oxygen, 
the mixture on ignition explodes with great violence. This can be 
illustrated by mixing two volumes of hydrogen gas with either one 
volume of oxygen or five volumes of air in a soda-water bottle. A 
lighted tapgr applied to the mouth of the bottle causes the gas to 
detonate violently. The combustion of the whole mass is almost 
instantaneous. The explosion is so violent that N. Lemery believed 
thunder to be due to the “ fulminations of hydrogen.” 

Hydrogen and oxygen, so far as can be detected, do not react at 
room temperature in the absence of catalysts; though some maintain 
that the gases do react, though very, very slowly (cf. page 233). 
Reaction under normal conditions is perceptible at 180° and explosive 
at o . r )0 . But in the presence of certain catalysts, such as palladium 
.Mack, or platinum black, combination will take place at room tempera- 
iui\ and the heat evolved is sufficient to cause the gases to ignite. 

Although the combustibility of hydrogen is one of its most character¬ 
ise properties, perfectly dry hydrogen ignites with difficulty, if at all, 
w nen mixed with perfectly dry oxygen, even at 900°. ” Similarly 
iuanv other combustible substances, if perfectly dried, do not bum 
v.l en moisture is rigorously excluded. This phenomenon is discussed 
more fully on page 290. 

Hxdrogen combines with a good many non-metals, but as a rule 
does not react with metals. Examples of the former are its behaviour 
with the halogens (hydrogen combines, for example, with fluorine 
null explosion even in the dark) sulphur and nitrogen. A very few 
metalhe hydrides are known, the principal ones being sodium hydride, 
NaH, and calcium hydride. CaH 2 . It is interesting to note that in the 
case of the metallic hydrides, when electrolysis is possible (e.g., fused 
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lithium hydride) the hydrogen is liberated at the anode, whereas in 
the electrolysis of water and acids (in fact, in almost all other cases) the < 
hydrogen appears at the cathode. 

Occlusion of Hydrogen 

Although hydrogen combines chemically with but few metals, there 
are some metals—particularly platinum and palladium which under 
certain conditions can absorb relatively large volumes of hulrogen. 
According to Thomas Graham (1867-9), palladium will ab>or .) 
times its own volume of hydrogen in cooling from a red heat, aiu a 
ordinary temperatures, 276 times its volume. 1 he actual amoun 
absorbed depends upon the physical condition of the metal. . (( ori mg 
to G. Neumann and F. Strcintz (1892), one volume of the following 
finely divided metals will absorb the following volumes ol hydrogen. 

Palladium black . . 502-3 Nickel • 

Platinum sponge . . 4‘J-3 Copper . • • 

Gold . . . . 40-3 Aluminium . • • - 

Iron . . . . 19-2 I Lead 

The hydrogen is given off when the metal is heated. P art, J ;i * ,arl >' 
under reduced pressure, and this property of palladium unii * ^‘ 

useful means of weighing hydrogen gas. It was used n • l) 1 
work on the combining weights of oxygen and hydrogen (P* L ’ . 

Palladium increases in volume during the absorption. 
appearance and properties are not much altered, a mug < c 
able amount of heat is evolved during the a‘ >*oip ,n • . ‘‘ 

called the phenomenon occlusion (from occludo, 1 mu 1 )• 
is said to be occluded by the metal. It was former y liel eved th.Ua 
chemical compound was formed, but it is now thong i * , . lIK j 
so, although the exact relation bet ween the «>cc lu< u ^ 

the metal is not certain. Holt, hdgar and Puth ( . ) L > f aa . 

part of the hydrogen is in the form of a condense* a\t , 

(adsorption, page 332), and the rest dissolved m t k 


metal (cf. page 162). 


Giilespie 1 and Hall (1926) found evidence forthe - *thou^hV 

immiscible solid solutions (cf. page 161) one o w h- j 

might be a compound, Pd 2 H. It is now thought n on 
it is an example of an interstitial compound m w i 
occupies the holes in the crystal lattice of the metal. 

Reducing Action of Hydrogen . , 

The readiness with which hydrogen will com *"^ 
certain other non-metals makes it able very o < , . 'finis, 

and chlorine from their compounds with the ot e • 

when hydrogen is passed over heated ferric 
oxide, copper oxide, etc., the hydrogen combines 
the oxide and leaves behind the metal. In * A rei ( iac d, or 
hydrogen is said to be oxidized ; and the nu a 
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deoxidized. (See Chapter 18, page 316, for a fuller discussion of the 
terms “ oxidation " and “ reduction.") Direct reduction with ordinary 
hydrogen in this way usually requires a high temperature, which 
limits the usefulness of the method, but hydrogen generated in the 
body of the liquid to be reduced will often bring about reduction where 
ordinary hydrogen bubbled through the solution will not. (See below 
—nascent hydrogen.) Also numerous reductions can be effected by 
passing a mixture of hydrogen and the vapour of the substance to be 
reduced over finely divided metals such as nickel (see pages 236, 874.) 


Nascent Hydrogen 

Hydrogen at the moment of its formation is more chemically active 
than ordinary hydrogen. For instance, ordinary hydrogen can be 
passed into an acidified solution of ferric chloride without producing 
any appreciable change, but if metallic zinc be placed in the solution, 
the brisk evolution of hydrogen is soon attended with the reduction of 
the ferric chloride to ferrous chloride. 


FeCl 3 + H = FeCl 2 + HC1. 
Chlorates can be reduced to chlorides similarly: 


KC10 3 + 6H = KC1 + 3H 2 0. 

Hydrogen prepared and acting in this way has been termed nascent 
hydrogen, i.e., hydrogen at the moment of birth. 

It was at first suggested that the activity of nascent hydrogen is 
because at the moment of liberation it exists as single atoms, whereas 
in ordinary hydrogen the atoms have combined to form molecules H 2 . 
1 lie latter molecules will require work to be done on them to separate 
them into single atoms before they can react, while the single atoms of 
nascent hydrogen are ready at once and reejuire no further work to be 
done on them before reaction can take place. 

Ibis theory is very attractive at first sight, but does not account 
for all tie* facts; in particular, the different degrees of reactivity of 
fiasco-it hydrogen made from different reagents. Thus, for example, 
cnmrdt s are reduced to chlorides by the nascent hydrogen made from 
and dilute sulphuric acid, but not by that which results when the 
■c i »n of sodium amalgam on water is used. Similar differences have 
• 1 observed in the reducing power of the hydrogen evolved by 
c uolvsis when using different metals as cathode, which suggests 
<hat these phenomena may be connected and so be capable of a single 
explanation. 


it has been shown that in electrolysis those metals whose use as 
cathode reejuire the highest voltages in order to bring about liberation 
>i hydrogen yield hydrogen of the greatest activity. Thus, to obtain 
hydrogen by the elect rnlvsis of dilute sulphuric acid with a lead 
cathode requires a voltage iMn volt higher than that required with a 
sil\ ei cathode (cf. page J0i») and, in general, the higher the over-voltage, 
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the greater the activity of the hydrogen formed. It seems, therefore, as 
though some of the extra energy supplied lias become associated with 

the hydrogen, thus enhancing its chemical ac ti\ it\. . 

Similarly, it may be that the difference between nascent hydrogen 
formed in different reactions is due to the difference in the energy 
changes involved in these reactions. Energy is liberated a> a result 
of the reaction producing the hydrogen, but this may not ‘ ‘J 

appear as heat, but may become associated with the h\drogm bu * 
formed which is thus more reactive than ordinary hydrogen. 

Another suggested explanation of the behaviour <> na^ en ; 1 

is that at the moment of production the gas will be in u <> 
minute bubbles, the internal pressure of which \\i * N1 . n A t i llt 

account of their small size. Now it has been shown \ * 

by the application of great pressure the activity o on a 
can be increased and it may well be that this is connected with tlu 

behaviour of nascent hydrogen. /i.viHe 

It is not possible in the present state of our kiitr ^\ ^ “ 

definitely between these theories except to s«i\ tha » > 1 

hydrogen hypothesis is not so much favoured as omui \. 

§ 5 Formula and Atomic Weight of Hydrogen 


The atomic weight of hydrogen - ,, 

in detail in Chapter 4 (page 74) and Chapter > l )a ^‘ * lNl|rc _ 

bining weight has been determined by various " IW . S >' _ >n>|llo „ ot 

ments, with the most elaborate precaution-'of 
water, both by weight and (in conjunction wi i »< ^ 

the gases) by volume. The number of atoms m il e .. nkn nU m I 
inferred from observations on the combination 
chlorine (pages 68, 507) and from measureim n s «» 

° f The Accepted value for the atomic weight of hydrogen at present «> 
1 008 and its formula is H 2 . 


an<| its formula It.nv been discussed 


§ 6 Forms of Hydrogen 


Ortho- and Para-hydrogcn 


According to the latest conclusions about the !f™Vu'ns ohlt ‘lurrying 
Chapter 9, page 132). the hydrogen aO»m < t' - r J € . llroll (. onse«|ueiitly. the 
a unit positive charge (l.e . a proton) an 


_ positive charge , 

hydrogen molecule, which as mentioned 
in § 5 comprises two atoms ol hydrogen, 
contains two protons and two electrons. 
It has been shown theoretically that 
such a molecule should be capable ol 
existing in two forms, differing in the 
relation between the spins «>1 the two 
nuclei. In one form the spins .ire in 
the same sense, and in the other in 
opposite senses (Fig. 17.4). These forms 
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were named ortho- and para-hydrogcn respectively and their existence has been 
confirmed by the partial separation of hydrogen into two forms. 

Ordinary hydrogen is an equilibrium mixture of ortho- and para-forms (con¬ 
taining about 75 per cent, of ortho-hydrogen at ordinary temperatures). 
Theoretical considerations show that there will be a relatively large amount of 
beat evolved when the ortho-form is converted into the para-form, and hence it 
follows, from Le Chatclier's principle (page 224). that the equilibrium proportion 
of the latter will be greatest at low temperatures. By the application of these 
facts. BonhoefTer and Harteck (1020) were able to prepare almost pure para- 
hydrogcn by keeping hydrogen at liquid air temperature and 350 atmospheres 
pressure for a week. Practically pure para-hydrogcn can also be obained by 
the adsorption of hydrogen on charcoal at the temperature of liquid air Ortho- 
hvdrogcn has not yet been obtained pure. 

These two forms of hydrogen differ in certain physical properties, e.g.. specific 
heat. Also the melting-point of para-hydrogen is given as - 259-28° C./whereas 
that of ordinary hydrogen is - 259-24° C. 

Active Hydrogen 

By subjecting hydrogen at ordinary temperatures to the action of a silent 
electric discharge, at an electrical pressure exceeding 30.000 volts (cf. formation 

of ozone, page 319). an active variety of hydrogen 
is obtained. It is marked l>y considerable chemical 
activity: thus, for example.it will combine directly, 
at ordinary temperatures, with lead or sulphur, 
forming hydrides, and will reduce cupric and ferric 
oxides in the cold. 

it has been suggested that this "active-hydro¬ 
gen consists of molecules H,. or of single atoms, 
but neither of these explanations has been widely 
accepted, and it is generally regarded as an active 
form of ordinary hydrogen 11 2 (see active nitrogen, 
page 395). 

Atomic Hydrogen 

Atomic hydrogen can, however, be produced by 
subjecting hydrogen to very high temperatures such 
that of the electric arc; as was shown by 
I angmuir (1912). He also showed that this dis- 
M " hit ion is brought about when hydrogen is in 
<. ' it.iet with a heated tungsten wire. The com- 
1 ination of two hydrogen atoms to form a hydrogen 
molecule is attended with the evolution of a very 
atge amount of heat. Consequently the heat pro- 
ln« t-d by the combustion of atomic hydrogen is very 
;i* at. tor the total heat evolved by the combustion 
I atomic hydrogen will be equal to the normal 
'M-.it o! combustion of molecular hydrogen plus the 
at energy of formation of a molecule of hydrogen 
tr«*rn its atoms. 1 his fact is made use of in the 
atomic hydrogen blowpipe (see below, page 271). 

>5 7 Isotopes of Hydrogen 

I "To. 17 5.—Atomic 1* has heen mentioned in Chapter 9 

Hydrogen Blowpipe (page l;W) that isotopes of an element 
H\ icurtesy of Mcttof >hrn. haw identical nuclear charges, but different 
\ ukers Lied*ical Co. Ltd atomic masses. The ordinary hydrogen atom 
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consists of a nucleus with unit mass and unit 

rotating round it. The simplest isotope * before. Whereas in 

nucleus of mass 2, charge 1, and 1 sliehtlv indeed in their 

general the isotopes of one element differ ^ 

ordinary properties, since a difference 0 f 

only a small fraction of the total weight view of 

hydrogen the differences to be expecte atoms of the two 

the relatively large difference in the weights of the atoms oi 

iS0 T°he e discovery of the heavy isotope of I 

Deuterium and represented by the s\m » atomic weight of 

first place of a discrepancy between he validol c ^; i “lhe value 

hydrogen—as determined by physical am u c t ^ oc j t) f .\stun was 

obtained by the improved mass-spec rog * 1 chemical value 

1-0078, taking oxygen = 16 ; 00 as “ b , a - pure " 

was also 10078, and as at this time 4 WI ! lcn ? between the two 

element (i.e., to have no isotopes), ^ : n pj-Mj that ordinary 
methods left MM* to bo ***• • “ K] , W 

oxygen contains two isotopes of mas * an ‘ c i thc view was soon 

this agreement was more apparent • ‘scnce Q ( a small quantity 
put fonvard that it must be due t 1 qucntl y a search for it was 

of a heavy isotope in hydrogen also. J- j 

begun, and before long its existence was conhrmc after the 

A spectroscopic examination of t en rc vcal« d faint lines 

evaporation of large quantities of hqun ( a^, n ass 2 (Urev, 1M-). 

corresponding to an isotope of ) l > r ! , |’ examined the water from 
About the same time Washburn ar hecn j n operation for a 

some commercial electrolytic cells w i 1 • laret*r pro|>ortion of 

number of years and found that it corUam ain « t| 

" heavy ” hydrogen than ordinary water. Uv> ^ ^ .. hcavy 
clue to a method of preparing he. \ 

hydrogen in quantity. ^ vT . - # ,i l0 n reparation of almost 

Thc method was applied by G. N. Le\ * f water in which 

pure - heavy " water. He ^artcd wUhJO ^ < b 

the heavy-water content had alrc* un ti1 only !*•> c c °‘ 

electrolysis, and continued the elec ro > approximately fH> P cr 

liquid remained. This sample then co * 4 ro( j llc ( S () f several such 
cent, of heavy water. By combining . J e | in a!ly resulted about 

electrolyses and continuing the process, 

1*3 c.c. of almost pure L> 2 0. fractionation, quite a large 

Heavy water can also be obtainc using a long fractionating 

separation resulting when water is distilM. 

column and working at a reduced pr< hydrogen itself can be 

From the almost pure heavy water, heavy i> 

obtained and finally purified by d! u s ()n hnarV water in physical 
Heavy water differs markedly > properties is given m 

properties. A comparison oi some of these pr 1 
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Table XXV. In addition to these properties the solubilities of some sub¬ 
stances is considerably less in heavy water than it is in ordinary water. 


Table XXV.— Properties of Water 



Ordinary Water 

Heavy Water 

Melting Point 

0° 

3-802° 

Boiling Point 

100° 

101-42° 

Specific Gravity . 

10 

1-10764 

Temperature of Max. Density 

4° 

11-23° 

Surface Tension (at 20°) 

72-75 dynes 

72-8 dynes 

Refractive Index 

l 3329 

1-3284 

Viscosity* .... 

10-9 

12-6 

Dielectric Constant 

82-0 

80-5 


The chemical differences between H 2 0 and D 2 0 and between H 2 and 
1) 2 have been the subject of much investigation. One of the most 
interesting facts which lias emerged is the ready interchange of hydrogen 
atoms which it indicates. Thus, for example, a solution of ammonium 
chloride in heavy water on evaporation yields a solid containing the 
same proportion of heavy hydrogen as was present in the water used. 
Again, if sugar is dissolved in heavy water half the hydrogen atoms 
of the sugar are exchanged for heavy hydrogen. 

A similar phenomenon is observed when heavy hydrogen is kept 
over water loi some weeks. The volume of the gas remains unchanged 
although all but about 5 per cent, of it is replaced by ordinary hydrogen 

I hr existence «>« a third isotope ol hydrogen ol mass 3 has also been reported. 

I he abundaiu i of this third isotope (to which the name Tritium has been given) 
in ordinary wu' i - • .limated as 7 parts in 10>°. It has been detected in artificial 
transmutation exj . mucr.ts (page 002), e.g., in the bombardment of deuterium with 
dcutcrons. 

$ 8 Uses of Hydrogen 

Hydrogen finds in'* reading employment in modern industrial opera¬ 
tions, but the inosi important uses at present are in the manufacture 
ot synthetic amn » page 400), (although for this purpose it is 

not isolated * cf. j :;h i and for the hydrogenation of oils (page 236). 
It i> becoming inot* : Y important for the production of “ oil from 
'- oa J by hydrogen. • • . « : the coal (page 358) in presence of a catalyst 
Mich as ferric oxide, . : with alumina and a little titanium oxide, 
it »s al>o required loi » • met ion of tungsten filaments for electric 

' $19) and 1 titi s have been used for the filling of 

• li >n> since it is tl d.tot known gas and its lifting power is 
t on-id* r able. 

llydi'ogcn burns read.’ • • 1 when used in the oxy-hydrogen blow¬ 
pipe gives a wry hot flan • ( ibout 2800 ). This instrument was once 
widely used, but it has now been 1 irgely replaced by the oxy-acetylene 
blowpipe (see page 348). Dut it is still employed for fusing quartz 
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and silica (e.g., for the manufacture of mercury vapour lamps), and 
for melting platinum. It is also used (sometimes as an (iir-h>drogcn 
blowpipe) 8 for the autogenous soldering of lead, for use in situati s 
(such P L the lead chambers used in sulphuric acid manii acture. page 
464) where ordinary soldered joints would be rea< >1> I£ 

edges of the pieces of lead to be joined are welded b> m< »i„ the - 

together by means of the air- (or oxy-) hydrogen bl»«| l ■ 1*•• ‘ ‘ 

is very suitable for this purpose since it is hot and \et s 

“her form of blowpipe known as the atomic hydrogen blowpipe. 
Fig. 17.5, has also found employment in certain *„ K v i l lc . n ‘ all arc 

As mentioned above (page 268), atomic hy r °^ cn , " • an atmosphere 

struck between tungsten electrodes is allowed o ‘ ‘ suc |, an 

of hydrogen. By blowing a jet of ordinars 4 formation 

arc, the intensely hot flame, which results on net( j j u> fl anu * 

of atomic hydrogen, can be directed on to am, mu « ' * au ’ rc o| ;M < M > ). 

is capable of melting tungsten (which requires * ‘ „ r f ac . can 

and a feature of its use is the great rapidity with ^ {o 

be heated—an important factor in \\cl<lin {4 «>l - willi- 

the reducing character of the flame, iron or a o ^ ‘ elements. such 
out fear of oxidation, and contamination \\\ v k*ne flame) is 

as carbon (which sometimes occurs with K u * - 4 
readily avoided. 


§9 The Position of Hydrogen in the Periodic System 


riodic >vstcm i> 
124). it 



uueraicu ai uie anuuv, jum . . . 

chlorides. To this extent, hydrogen rest ( | lc atomic struc- 

it is scarcely to be thought of as a ha log* n. ‘ * c j iarKl . and one 

ture of hydrogen (a nucleus carrying o < I ol | |( . r that it is 

electron) differs so markedly froin tha o • | Vn<l( |j c Table and not 
justifiable to accord to it a special place done in the 

to associate it with any particular group. I his 


form of the table given on page 120 
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§ 10 Water. Composition 

The older chemists considered water to be an element. They were 
quite right so far as their knowledge went, because they did not know 
how to decompose it into simpler substances. 

Priestley has told us that in 1770 his friend, J. Warltire, noticed 
that when a flame of hydrogen was allowed to bum in air confined 
under a bell-jar, the whole of the receiver appeared to be filled with a 
white powdery substance, and when the flame went out, the air left in 
the jar was perfectly noxious. In the same year P. J. Macquer inquired 
whether the flame of hydrogen evolves soot or smoke, and he thus 
described his experiment: 

By placing a saucer oi white porcelain in a jet of inflammable gas burning 
tranquilly at an orifice, 1 found that the part of the saucer which the flame licked 
was moistened by small drops of liquid as clear as water, and which, in fact, 
appeared to be nothing but pure water. 

It is probable that J. Warltire’s white cloud was nothing but condensed 
steam. In the spring of 1781, J. Priestley made what he called "a 
random experiment ” to " entertain a few philosophical friends," in 
which a mixture of “ inflammable air " with oxygen or atmospheric 
air was exploded in a closed vessel by means of an electric spark. The 
sides of the glass vessel were found “ bedewed " with moisture after 
the explosion, but Priestley paid no particular attention to the pheno¬ 
menon. H. ( . ( avendish looked upon the deposition of the dew as a 
fact well worth examining more closely," and immediately followed 
up the subject, in 17x1, by exploding a mixture of " one measure of 
oxygen with two measures of inflammable air (hvdrogcn) " in a closed 
vessel. No gas remained in the globe after the explosion, but the 
hydrogen and oxygen lost their gaseous form, and produced a certain 
weight of water. Jhe vessel and its contents underwent no change in 
weight, or parted with anything ponderable during the explosion, 
whilst a certain volume of gas was replaced by a certain weight of 
water. Hence, ( avendish deduced that liquid water consists, weight 
lor weight, of the hydrogen and oxygen gases lost in its production. 
Jle thus established the fact that water consists of hydrogen and 
oxygen only, united in the proportions of two to one by volume 
approximately. 

< avendish s experiment has been repeated from time to time, with} 
the introduction ot alt possible refinements in order to secure an 
accurate figure for the volume composition of water. Notable examples 
are the work ot Scott, and of Hurt and Edgar, which have been des¬ 
cribed alreadv : aue fit* 

Experiments «d l his kind serve to establish the composition of water 
synthetically ; on tv>|K»nding aiuilytual evidence was forthcoming soon 
after the time id ( avendi>h’s experiment. 

W . Nicholson and A ( arlisle. May 2, istlO, happened to put a drop 
of water in contact with two wires from an electric battery and noticed 
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✓ 

Hydrogen 


Oxygen 


B 


i the 




the formation of small bubbles of gas about the 

the tips of the wires were not in contact. They then “rsaUhe 

two wires in a glass of water, and found that gases e hydrogen 
both wires. They found the gas collected at one wm^ to be 1h>drc>gen, 

and at the other wire, oxygen, rwo volumes of \ k ^vnlndcd 
lected for every volume of oxygen. The gases were mixed and explode . 

The result was water. 

Nicholson and Carlisle’s experiment is 
often repeated in the following modified 
form. The apparatus employed is illustrated 
in Fig. 17.6 and is usually called a water 
voltameter. It consists of two glass tubes, 

A and B, terminated at the top by stop¬ 
cocks, and connected near the bottom b\ a 
horizontal tube, to which is also attached a 
third vertical tube C, which ends in a 
reservoir D. The electrodes E, E, consist 
of pieces of platinum foil. Pure water is a 
very poor conductor, and so the experiment 
is carried out by filling the apparatus wit 1 
water to which a little sulphuric acid has 
been added. A current is passed through 
the solution by connecting the electrodes 
to an accumulator or other source of direct 

current. During the passing of the elec n< c /, as | s given off at 
from the metal plates rise into the glass tubes, j ^ examined. In 
one plate than the other. I he gas in cac 1 “ blinding brilliance *’ 

the gas from one tube, a taper burns \\\ ‘ .« r UI | H . burns with 

characteristic of oxygen; anti the gas from Uu^ waUT ,1,.- 
the blue flame characteristic of hydrogen. • amount »>f sulphuric 
appeared, but no change can be detectec . { { \ xv water, not 

acid mixed with the water. Hence it „p„lly well 

the acid, has been decomposed. The l X l H . hydroxide be used 
if a very dilute solution of sodium or p» « •*- u . v llol the- alkali, is 
with nickel or iron electrodes. Here again 

decomposed. , tw< volumes of hydrogen, 

A mixture of one volume of oxygen am wa „t, <l in gas analysis, 

called electrolytic gas or detonating gas, i^ " , lro dc s under one 

etc. This is easily provided by placing and hydrogen 

receiver. Electrolytic oxygen contains a . W atcr. but not it 

peroxide if prepared by the electrolysis o • 

a solution of barium hydroxide be elet ro *. ' ( jj ( j no t, by ill'll. 
The information derived from these e. 1 . , j n Chapter 4, no 

tablish the formula of water for, ai> c ‘ . s an d the n-nubei of 
lation between the combining volumes b* 


Me. IT 

Water Volume 


bubbles of gas 


establish ... - 

relation between the combining 
atoms uniting was then known. 


Crude attempts were made to disc on 


,-cr the utigl'ls of hydrogen and 
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oxygen combining together to form water, by multiplying the volumes 
found by Cavendish by the densities of the gases." But with the 
comparatively primitive types of apparatus then available the results 
were very inaccurate. 

A determination of a different kind was made by Dumas in 1843. 
Although its accuracy is inferior to that of more modern exeriments, 
it was far superior to any which preceded it and it was the forerunner 
of accurate atomic-weight determinations. The experiment illustrates 
some important principles, and it is therefore here described in 
outline. 

It depends upon the fact, already noted (page 265), that when the 
oxides of such metals as iron, copper or lead are heated in a current of 
hydrogen, water is formed and the oxide is reduced to the metal. 

It a known amount of copper oxide be employed, and the water 
formed be collected and weighed, the weight of the reduced copper 
oxide will show how much oxygen has been used in forming a definite 
amount of water. This was done by J. B. A. Dumas in 1843. The 



Purification 

. 0/ 
Hydrogen 


Copper 
Oxide Bulb 


Protect iue 
Tube 


Water Formed 


I ! . 17.7 - I>um.v.’s Experiment (abbreviated) 


bogen wib prep «iv<! b 
| ired Ii«• gas 
; suij Imr diu.xidi 1 1 

. . 

. .i* i I oi the / . 

i tie* acid * * . 

’ •! nit roe.*: 


. - dphtiric at s-i. •• 

.•i then pu>' 

. in.immg: *1 . 
i v hydiogen sulj 
r \v a iconic am: 

• »\id«* t » remove s.d 


;;i • a< tion of zinc on sulphuric acid. Thus 
.' u:» nitrogen and oxygen derived from the 
r • *n sulphide derived from the reduction 
hydrogen, carbon dioxide, arsenic hydride 
nivd arsenic); hydrogen phosphide (if the 
: p!:*.«ph<>rus); nitrogen oxides (if the acid 
and wati*i vapour. Accordingly, Dumas 
i I < n well boiled to get rid of dissolved 
:• Lifii through a series of I’-tubes—Fig. 

• • d moistened with lead nitrate to 
*-‘i class moistened with silver sulphate 
compounds; (3) solid potassium 
n; dioxide, carbon dioxide, and nitrogen 



075 

I 7 J hydrogen and water 

oxides;* and (4) phosphon* P»..xide 

absorbed by the solid potassium hydrox . P ^ ■ t ^ e 

tubes were placed in a freez.ng m.xture l^J.^^^db'dore and 
diagram contained phosphorus pentox • j it was assumed 

after the experiment. If no change in "eight occurred. 

that the hydrogen passing through was quittcir\. through a 

The experiment.-The .punficd hydrogen ^ >iril 

weighed bulb A, containing copper oxl(c , 4 . : n t he bulb B, and 

lamp underneath. Most of the water coi e ^ ^ potassium 

the remainder was absorbed in the L -tube The 

hydroxide, and in D and b containing 1,1 a freezing mixture, 
iphosphorus pentoxide tube D was kcj were weighed before and 

V three tuLs,C, D and E and the bidb u 

after the experiment. The last y sulphuric acid through 

pentoxide, was followed by a cylinder G not weighed; 

which hydrogen escaped. The V \i H , external atmosphere, 

they served to protect the other tubes * nts bv Dumas gave: 

The results .-The average of nineteen exp, nmuit* ■ > ^ 

Copper oxide lost in weight . grams 

Water produced • _— 

Hydrogen (by difference) . a j 1 . ->.(104 parts 

Hence, every 16 parts by weight of determination of 

I by weight of hydrogen to form wa^- T|K . rc is a curious error in 
Morley (see page 102) gave lb. - • makcs the result a htt., 

Dumas's experiment which, if not . * ’ i»en very tenaciously i", v 

high. The reduced copper retains some i > h 0(hi . r objections to 

occlusion of hydrogen by the meta s 1 * h - expulsion of the an 
Dumas’s experiment have been n V l< , l .{ it.tubes used were a metre 
from the large apparatus is diflici ( ^ . slowly evolved 

long); (2) the air absorbed by the * i >1 w the copper 

along with the hydrogen when the f rc> m the air; (4) th< 

oxide is contaminated with nitrogc « ^ ^ forming gaseous -ulphui 
slight reduction of sulphuric acid b\ 7 i lV drogen is very diliu ult. 

dioxide; and ( 5 ) the complete drying, of ^ ^ ^ uvif . hl 0 f hydrogen 

In approximate work we may take i - ‘ f olin is parts ol watei. 
combine with 16 parts by weight of oX >^ hll ! of tins ratio should U- 
Dumas himself believed that the true « too high. Ihe 

1:8; in fact, as is now known * (see |»«« »» '*»■ 

generally accepted value, based on . . 

is 1: 7*94. , th . t t i M . formula for water was 11U 

Up to about 1860 it was assumed that 1 ^ unit y. that of oxygen 
and hence, the atomic weight of h> h r€ . sli its in many respei t- 
U 8 approximately- This ■.« ^ .. 

•iftE. u O.V~^Cr“" 

t Ibid. 
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for the formulae of other substances and the equations for reactions 
correctly indicated the proportions by weight of the elements in 
molecules of compounds and the weights of materials taking part in 
reactions. 

But this formula for water, and the consequential formulae and atomic 
weights of other compounds and elements, rendered difficult of explana¬ 
tion the volume relationships between reacting gases. Avogadro's 
hypothesis gave the clue to the solution of the problem, but it was 
not until 1857 that, in the hands of Cannizzaro, it was properly applied 
and then very quickly accepted. It was then recognized that the 
molecules of hydrogen and oxygen must each contain two atoms, and 
that the formula of water is H 2 0. The difficulties which had existed 
in any attempt to correlate the results of experiments on the combining 
volumes of gases with their densities and molecular weights dis¬ 
appeared ; and observations such as that just described in the electroly¬ 
sis of water, whereby two volumes of hydrogen result for one of oxygen, 
became easily explicable. This matter has already been discussed in 
some detail in Chapter 4. 

An experiment performed by Gay-Lussac in 1808, and repeated by 
Hofmann in 1805, and which showed clearly the volumetric composition 
of steam, helped also to confirm the formula H 2 0 for water. 

1 his experiment can be illustrated in the following manner. A 
graduated eudiometer or explosion tube (a stout glass tube fitted with 

electrodes for firing gases by passing 
a spark) is surrounded by a hot 
vapour jacket through which can 
be passed the vapour of a liquid 
which boils at a temperature above 
100 '. 

The apparatus used (Fig. 17.8) 
consists of an explosion tube fitted 
with platinum electrodes, between 
which a spark can be passed, main¬ 
tained at 130 by means of a 
jacket through which the vapour of 
boiling amyl alcohol is passed from 
the flask M. T his vapour is con¬ 
densed in the condenser A\ so that 
the amyl alcohol is recovered. The 
explosion tube is filled with mercury 
by adjusting the levelling tube B 
ami the stopcock C. A dry mixture 
containing one volume of oxygen 
and two volumes of hydrogen is in¬ 
troduced into the explosion tube via 
H.r stopcock ( b\ depressing the levelling tube. When the explosion 
t,,u ’ ,s a ‘ ,ol| t threc-lourths filled and the amyl alcohol is steadily 
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boiling the volume of its contents is read by bringing the mercury to 
the same level in both levelling tube and explosion tube^ rhen 

pressure of the gases is reduced as much as P 0Silbl< - y The eases 
levelling tube and sparks are passed between the el f tr 0 < J**- 
explode forming steam. In a few minutes, when e I , 

the explosion tube is again constant the levelling u ie . ' 
the volume of the gas remaining measured at atmospher P • 
It is found that the steam occupies just two-thirds the or^ xolume 

of the mixed gases. On allowing the apparatus to coo n .> that 

ture it is found that the mercury fills the explosion tube shoeing that 
all the hydrogen and oxygen have combined to form \\a • mn erature 
Hence it is inferred that when water is synthesized a a 
above the point of condensation-100 -two volume of Mro.cn 
react with one volume of oxygen to form two volume molecules of 
If we adopt Avogadro’s Hypothesis, it follows 1 ‘ , water (or 

hydrogen and one molecule of oxygen form two mo H ,o 

steam). Hence, if hydrogen is H 2 and oxygen 0 2 (> 
is the only possible formula for steam, i.c., 

2H 2 + 0 2 = 2H 2 0. 

§ 11 Occurrence of Water 

It has been estimated that three-fourths of a large 

the crust of the earth is water. Animals am «, ^ equivalent of 
proportion of combined water—e.g., I '"' 1 ‘ 1 ‘ . lv 7,1 mi 

about 80 per cent.; beef, 60-62 per cent; be hum-" ry 

cent.; aquatic plants between 9 o and .U p n) nt iin water- 

land plants. 50-75 per cent. A great many ^ r 

combined and absorbed. Clay, for examph . ( ° 
of combined water. t cvc | c .—W ater is 

The circulation of water in nature tn - or aqueous 

widely distributed in its three states of aggrega ' w ll( ., on il»'- 
vapour, liquid water, and solid ice and snow. ■ | | u . | K *at ‘»f 

®®rth passes through a remarkable cy ( le ° t -u., water 

the sun leads to the evaporation of water ,ro1 j |,, I1K . ,,| air. ami 
vapour is only 0-62 times as heavy as an rt \ ' | Kl r. as well 

consequently it rises into the upper regions o * ( ^ trin|>enitiiie 

as diffusing into and mixing with atmosplu i < • ■ <jm . nl |y a plane 

°f the ascending vapour gradually decreases . - I |, e vapour 

‘ u st be reached where the air is saturated \u __ m i*t or cloud*, 

ill then condense in the form of fine dn>p^ <>the condensed 
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to the poles. The water which is sprayed, as rain, etc., on the surface 
of the globe, does a certain amount of physical and chemical work. 
On the chemical side, water helps in the decomposition and weathering 
of rocks; and on the physical side, it transports matter in suspension 
from the higher to the lower levels. The soluble matters ultimately 
collect in the seas. 

Thus the water cycle involves: (1) evaporation from the oceans, 
seas, lakes, etc.; (2) condensation in the upper regions of the atmo¬ 
sphere as a line mist of distilled water where it collects as clouds; 
(3) further condensation is followed by rain; (4) the rain water 
percolates through the soil and collects on an impervious bed of rock 
to be again forced to the surface, as spring water, by the pressure of 
the superincumbent layers; and (5) this is collected by the streams 
and rivers. The rivers return whence they came—to'the sea, and 
commence anew the never-ending cycle. It must be added that a 
relatively small proportion of the water which finds its way into the 
ground falls out of the cycle since it is fixed by reaction with certain 
silicates and rocks forming hydrated silicates, hydrated alumino 
silicates, etc. 


Rain Water 

No water, said I\ Bergman, “ is ever found on the surface 
of the earth in a state of purity." Rain, in its journey through the 
air dissolves oxygen, carbon dioxide, and nitrogen, as well as ammonia 
and ammonium nitrate. It also carries down dust—organic and 
inorganic. Rain water, particularly if collected near the sea in high 
v.mds, contains sodium chloride; and if collected near towns, sulphur 
compounds sulphur dioxide and sulphuric acid—derived from the 
prod tie ts of combustion of coal. When evaporated to dryness, 10,000 
parts by weight of rain-water will give about 0-34 part of'solid matter, 
most ot this consisting of sodium chloride and organic matter. Rain 
wator contains m solution about 0 013 per cent, of dissolved nitrogen, 
11 * J M ‘ r ^’’it - oxygen, and 0 0013 per cent, carbon dioxide. The rain 

* j 1 , . ! l ' lc C!K * a shower is more pure than that which falls 
at ! " [‘‘'."liming, because the atmosphere is washed, so to speak, 
during the earlier part of the shower. 

Spring and Mineral W ater 

1 ^r. !l\ the :a ,; t .eater strikes the ground, it begins to attack 
. i«H ks, decaying organic tissue (humic compounds), 

* i ... ornnog smtac' j ■ ground water. It is estimated that between 
7;’* ,l,1 \ * ° p«*i cent. T he rainfall, in temperate regions, soaks into 

giuend. In its journey underground— underground water— the 
rotating water loses st of its organic matter and dissolves more 
V 1 ninieial matter.* -• oinp muds of calcium, magnesium, and 
sodium— and also dissolves carbon dioxide, etc. The greater the depth 
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to which the water sinks the greater the amount of solid matter it can 
dissolve. Water under great pressure is a powerful solvent. Sooner or 
later the water which has percolated underground will be forced to the 
surface as spring water. If the spring water holds an unusual amount 
of some particular constituent in solution which gives it a marked taste 
or some specific property, the term mineral water is app k • k 4 
waters do not necessarily contain a large excess of mineral mature n 
solution. The water from mineral springs is often at 

to some special constituent dissolved in the water, or ro 1 „■ 

of the spring. “ Fresh water ” is a vague term applied to a natur 
water which does not contain much dissolved impuiity. 

River Water . , 

Spring water collects in rivers and streams. It has bee*)If of" water 
that the rivers of the world discharge some >•>- C J I * . .. . matter 

into the ocean per annum. Rivers contain not °n f roin 

furnished by spring waters, but also or 8 s | n,c m . » j so f rom 

plants growing on the sides and bottom of t \e r . passes, 

the drainage of villages and towns through w nc considerable 

The river, in virtue of its volume and force, carries 
amount of suspended solids. River water a so c * - t j lc p) ce 

matter from the country which it drains. 1US . a | K)Ut o-OOoO 
(Scotland), draining slate and sandstone roc calcium salts* 

per cent, of solid matter, about one-fourth of 

the Thames, draining chalk rocks, contains about 0 03 per cent, 
solid matter, two-thirds of which is calcium sa s. 

Sea Water . ^ 

Just as spring water flows into the rivers, thie ™^[* rs ^'hich have 
sea carrying their dissolved salts, and suspen f rom t j ic sea 

not been deposited in transit. The vapour \ un)css the dissolved 
by evaporation is almost pure "' atcr ' must b e gradually 

matters arc continuously removed, .e ‘ conta ins a relatively 
getting more and more salty. S . tJ - I)cr ccn t of solids in 
large proportion of soluble salts abo' ’ w ' c natU rally expect to 
solution. Where the evaporation is grc. .... the Mcditcr- 

find the greatest proportion of salts in Thus, the 

ranean contains about 3*4 per cent. evaporation, con- 

the Baltic, with its numerous into ^^SuTSSs «^»mu- 

tains between 0*3 and 0-8 per cent, of s . j [ n 

late in land-locked seas and lakes much faster than in 

• For instance, an average type contain*saltsTo'U per cent of 
per cent, of sodium salts; 007 per ecu > I j wc |j as dissolved gases, 

calcium salts; 0*59 per cent of magnesm an( | u-017 per cent, of 

0012 per cent, of nitrogen; 0000 per cent of ox> b ui. a 

carbon dioxide 
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illustration, the Dead Sea contains 22-8 per cent, of solids in solution; 
the Great Salt Lake (Utah), 23 per cent.; and the Elton Lake (Russia), 
27 per cent. These masses of water behave as if they were exposed in 
a large evaporating basin, for the salts accumulate in the water and 
are deposited in crystalline masses on the shores of the lakes as the 
water evaporates. 

§ 12 Purification of Water for Town Supply 

Potable water, that is, water which is fit lor human consumption, 
is obtained principally from rivers and lakes, and also from wells— 
artesian and otherwise. The inorganic or mineral matters usually 
found in solution in natural water are not directly injurious to health. 
The purification of water for towns and cities is a very important 
practical problem for the chemist. The best solution can only follow 
after a careful study of the local conditions. Water should be free 
from pathogenic (disease-producing) bacteria, and from suspended 
impurities. This is generally achieved by filtration through large filter 
beds made from layers of sand and gravel, extending in some cases over 
an acre of ground. Suspended and colloidal matter is now usually 
removed by adding aluminium sulphate which causes coagulation of 
the suspended matter and the formation of a bulky flocculcnt precipi¬ 
tate of aluminium hydroxide. Most of the bacteria which may be 
present in the raw water are removed in this way; but for safety, 
especially where the supply is drawn from a river which, as for example, 
in the Thames Valley, may suffer contamination from inhabited areas 
higher up the valley, sterilization by means of chlorine is often utilized. 
A concentration of chlorine of three parts per million is usually sufficient 
to destroy all bacteria in a short period of time. 

To maintain the purity of the water supply up to the proper standard, 
it is necessary to make (1) a periodical critical examination of the 
source from which the water is obtained; (2) regular bacteriological 
examinations for pathogenic germs; and (3) chemical examinations 
for nitrogenous organic matter—albunienoids, etc.—upon which 
bacteria feed, and for the products of bacterial life—free ammonia 
ammonium nitrate and nitrite. The presence of these substances in 
water throws it under suspicion. 


§ 13 Hard Water 

\\ ater which will only with difficulty give a lather with soap is called 
hard water, lhe difficulty of obtaining a lather is due to the presence 
::: the water of suhstn:. <*s which react with the soap and form an 
: luble precipitate. V. iter containing in solution salts of calcium 
i * .■ ;iK*siuin or of any imul other than the alkali metals or ammonium, 
behaves in this way. 

lhe commonest cause ut hardness is the presence of calcium salts, 
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usually the bicarbonate or sulphate, or both: but the corresponding 
m ltTsT7ammL a faaTchemisto’ that the action of carbon dioxide 

waUr.'and ^liou^'shked'^mcTu only sparingly soluble ^i^«‘ater^t 

it contains into calcium carbonate which O 

insoluble. Ca(OH) 2 + C0 2 = CaC0 3 + H s 0. 

If, after the lime water has thus been renderedturbW^througi the 
precipitation of calcium carbcmatemorccarl formation P of ca i c ium 
solution will go clear again. I ».•> °" ,n S 

bicarbonate which is a soluble salt. 

CaC0 3 + C0 2 + H,0 = Ca(HC0 3 ) 2 . 

This experiment gives the dueto ‘^^^’“pre^ce'of calcium (or 
water-that whose hardness is doe jo «£P[ siinilar i y) . 

magnesium) bicarbonate (magnesium * through which 

Rain water absorbs carbon dioxide both roml:1 k - ,r waU . r 

it falls and from decaying vegetation on ca | c i’ U m carbonate or 

thus charged with carbon dioxide, can dw*h£™" o) , hosc sub . 
magnesium carbonate if it flows o nla «nesiuni bicarbonate, 

stances, owing to the formation of« J";" with the refonna- 

These bicarbonates are easil> du P .. i^rnmnletc at the boiling 
tion of the normal carbonate. Ih» those hardness is 

point of water, so that a sample *,to* has the hardness removed 
caused by the presence of these bicar ‘ Q hardness. Hard- 

by boiling. Sich water is said to ^ is not removed 

ness which is due to substances such calcium suipiu 

by boiling and is known as r^" a( t 0 unt of the difficulty ol getting a 
Hard water is then so called on a . () f su ,|j u m with a fatty 

lather with it with soap. Soap is a co . ()f ca | c ium salts. The 

acid. The soap is decomposed by mag '. . u y c cur dy precipitate, 

fatty acid unites with the latter to brn « * ma «, ncs ium salts have 

This action continues until all the calciun and may a 

been precipitated. Any further “dd' .on 0 !,^ at o ^ I „ a sohl . 
lather, and the soap can then be use ■ , . . (p vo ] uinc of water be 
tion of soap of definite strength am what volume of a given 

employed—and this can be made V lt | at hcr with a solution 

soap solution is required to produr e a■ I . _ say equivalent to one 

of calcium chloride of known ron< ^ . ‘ | iar< | iur ss of a given sample of 
gram of calcium carbonate per h‘a an)uimt „f soap required to 

water can be represented in terms hardness of water thus 

produce a lather-T. Clark's “P ^L f JJ wa tTand it is expressed 

refers to the soap-destroying po\u . d$ wtl i t onc gram oj 

in degrees. Each degree oj hardness cornspona 
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calcium carbonate, or its equivalent in other calcium or magnesium 
salts, per gallon of water. Hardness is also expressed in parts of calcium 
carbonate, or its equivalent, per 100,000 parts of water. 

Example.— C c.c. of a standard soap solution (1 c.c. = 0 001 gram CaCO a ) 
were required in titrating 50 c.c. of water in order to produce a lather which 
persisted for 5 minutes after the bottle containing lather and soap solution had 
been well shaken. Hence, the water contained calcium and magnesium salts— 
bicarbonates, sulphates, nitrates and chlorides—equivalent to 12 grams of calcium 
carbonate by weight per 100,000 c.c. of water. To convert this number into 
grains pci gallon, multiply by 0-7. The result 8-4, represents the number of 
grains of calcium carbonate per gallon of water. The hardness of the water on 
Clark's scale is therefore 8-4. 

Waters containing but small quantities of calcium and magnesium 
salts lather freely with soap and they are accordingly called soft 
waters. A water less than 5° hardness may be called “ soft," and a 
water between ls ri and 20" hardness is " moderately hard," and if 
over 80 hardness, " very hard." Very soft waters in the presence of 
oxygen and carbon dioxide act upon lead, forming lead hydroxide, 
I > b(OH) 2 . which is slightly soluble and poisonous. Such water, if used 
for drinking pm poses, over a period of time may produce cumulative 
poisoning. Water which contains mineral carbonates or sulphates 
forms, by contact with lead, a protective coating of lead carbonate or 
sulphate and further action then ceases. Consequently it is usual for 
water >upplv undertakings whose raw water is very soft to harden 
the water artificially. 

1 l.u dne» in water is a cause of considerable waste and inconvenience. 
1 or washing i nrpov s it induces great waste of soap, since no lather 
♦ an be ..I,taiii-d until the calcium or other metal present has been 
leinovcd l*v »lw >oap. When temporarily hard water is boiled, the 
cai< ium and u : • dmn carbonates are deposited, often as a crust on 
tie- containim . This is the cause of the formation of " fur " in 

kettle*, and of - *t<* in boilers. Methods for the removal of the hardness 
of water are thus l piimary importance in all industrial work. 


> 1-1 The Softening of Water 

The process of i *m-wing c T ium salts from hard water is called soften¬ 
ing the water. In the * i-* <.iud above, soap is the softening agent, 
if the hardness nt tlo v. i« i be due to the presence of acid carbonates of 
calcium <>r magnesian . m.-re boiling will soften the water because, as 
indicated already, ti.. i id carbonates are then decomposed, and the 
noimal carbonates ate : • > ipitated. In T. Clark’s process for softening 
water dMl). the nee- y amount of milk of lime or lime-water is 
d to convert all th id carbonates of lime and magnesium into 
. aal carbonate. : s process depends upon the fact that the 

slaki l lime rea* ts with t • acid salt present in the solution to form 
normal calcium carbonate, which i< precipitated. The carbon dioxide 
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A = Container 
B = Intel pipe 
C c Softening material 
E = Removable cap 
F = Soft water outlet 
H = Perforated inlet pipe 
K = fine-mesh gou/e 

covering crushed Quartt 


is thus removed from the bicarbonate present, calcium carbonate again 
being precipitated. These facts are expressed in the equation. 

Ca(HC0 3 ) 2 + Ca(OH) 2 = 2CaC0 3 + 2H*0. 

It is important to avoid adding excess of slaked 1 ime as ^ ^j 

will then dissolve, forming lime-water which is ai pt r ^ a |\ v ! llich 

water and may well be very much harder indeed 
is being softened. 

Water, any part of whose 
hardness is temporary, may 
be softened by boiling. If the 
water also possesses perman¬ 
ent hardness, it may be dealt 
with as follows. 

After removing the tem¬ 
porary hardness, if present, 
by boiling or by Clark's pro¬ 
cess, the permanent hardness 
may be removed by the addi¬ 
tion of sodium carbonate. 

The boiling as well as the 
alkali carbonate processes of 
softening water were known 
towards the middle of the 
eighteenth century and were 
described by T. Bergman 
(1778). The sodium carbon¬ 
ate precipitates the calcium 
and magnesium as insoluble pic. 17.9.— Permutit Type of UaUr tuul 

carbonate: CaS0 4 -f Na 2 C0 3 . ,• cninhate or 

= CaCO, + Na*SO,. The water still contains od'u. i sul|>!^ ^ 

sodium chloride, but the presence of a small quan - tennwrarv 
not usually objectionable. Sodium carbonate will remove Um| 

as well as permanent hardness. .... • f ; nrr r .sinelv imp >r- 

A process of water softening which is bccon g i n t hj s process the 
fant is the permutit or base-cxchangc proc • • ... r na tural or 

water is passed through a layer of powderet ze > ^ 1 >ro a uc ts 
artificial. Zeolites are complex alummo-s l ca - • ^rmutil) are 

used are usually glauconites’, the artifi i< . china clay, and 

porous gels made by fusing a m } xtl1 ^ ^Xminatc and sodium silicate. 

sodaashorby mixing solutions of sodium c . witt } ic zeolite. 

The calcium and magnesium salts in the w. * , soluble sodium 
forming insoluble calcium and magnesium zeo . * * iron 

salt. This removes both temporary and 

and manganese salts are also removed by th . I of smlium chloride 

zeohte is revived by passing a concent rat. I - , zeolite, 

through it. The calcium and magnesium /.« o 
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The reactions taking place may be represented by the equations: 
Ca(HC0 3 ) 2 + N a 2 Al 2 Si 2 0 H . *H 2 0 = CaAl 2 Si 2 0 8 .*H 2 0 + 2NaHC0 8 
when softening is taking place, and 

CaAl 2 Si 2 0 K .*H 2 0 + 2NaCl = Na 2 Al a Si 2 0 8 .*H 2 0 + CaCl 2 

when the exhausted permutit is being regenerated. 

Synthetic resins are now known which exhibit base-exchange 
behaviour and which can be regenerated by dilute acid. By this means 
water free from dissolved salts and containing only " carbonic acid ” 
can be produced. 

Water can be softened on a small scale by adding sodium hexameta- 
phosphate (known commercially as calgon (page 767)). This does not 
precipitate the calcium but forms with it a complex ion which does 
not react with soap: 

Na 2 [Xa 4 (P0 3 )J + CaS0 4 = Xa 2 [CaXa 2 (P0 3 ) 6 ] 4- Na 2 S0 4 . 

Hard Water in Nature 

Rain water percolating through limestone rocks becomes highly 
charged with dissolved calcium bicarbonate; such water in dripping 
through the roof of a cave or subterranean cavern will be exposed 
to the air; as a result, some carbon dioxide escapes from the solution. 


hulusure Sews Agency. 

I’lG. 17.10.—Stalactites and Stalagmites in the Jenolan Caves, N.SAV. 
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and a certain amount of calcium carbonate is deposited. Each^drop 
of water adds its own little share of calcium carbonate. 1 he deposit 
grows—maybe on the roof, when it is called a stalac i e , < • d 

floor, when it is called a stalagmite. All depends upon the 
by each drop in gathering and dropping, how fast tic < ( ‘ ivern 
deposited. Measurements of a stalactite m the Ing <. k ^ 

(Yorkshire), made in 1839 and 1873, show that 8 rc ^ . j tQ 

0-3 inch per annum. The San Filippo spring ( lls( 1 the soring 
deposit “ lime “ at the rate of 12 inches a month, ami the spnng 

has formed a bed of limestone rock 250 feet thic 7’ j 

* mile wide. The stalagmite grows upwards from the a fjj 

the stalactite grows downwards, like an icic ^ r< » Rlt 

time, the two may meet and form a pillar. Fig. '• ( :. .. u j 

idea of the beauty of some limestone caverns m which 
stalagmites have been growing, lhe photograp i > f onm cl in this 
stalagmites, and pillars'which have no doubt been 
manner. There are some very fine grotto*. ( a\ t •. t | R , j^. (1 f 

and other parts of Derbyshire, at Cheddar in .. oi > • Xnxillc 

Skye, Antiparos (Archipelago), in the am £^ Au 
(France). New South Wales. Auckland. In.tcd ( nber . 

other limestone districts. The building stone called Iraurlm ^ 


stone) is probably a limestone de¬ 
posited from a mineral spring. 1 he 
Colosseum and much of ancient 
and modern Rome were built with 
this stone. 

§ 15 Purification of Water for 
Scientific Purposes 

The water supply of a town is 
watched, as has been said above, 
to ensure its fitness for drinking; 
but it is still far from being 
“ chemically pure/* and so for 
many scientific purposes it is un¬ 
suitable. Two grades of water are 
ordinarily distinguished for labor¬ 
atory work, viz., 

(i) Distilled water; 

(ii) Conductivity water. 

Distilled water can be made by 

means of an apparatus comprising 
a distilling flask and Leibig con¬ 
denser, but partly on account of 
the slight solvent action of water 
on the glass, and partly because 
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of the considerable quantities required in the average laboratory, some 
form of water-still designed for the purpose is usually employed. One 
from out of the many which have been devised for such work is 
illustrated in Fig. 17.11. Such a still is usually made of copper plated 
with tin. and the principle involved in its use'is identical with that of 
the simple distillation apparatus using a Liebig’s condenser and dis¬ 
tilling flask. 

I hstilled water prepared in this way is pure enough for most chemical 
work, hut for the investigation of matters such as the conductivity of 
solutions, it is still not pure enough. The yet purer water required for 
these purposes is known as conductivity water, and its preparation has 
already been described (page 109). 


S 16 Properties of Water 

Physical Properties 

At ordinary temperatures, pure water is a tasteless and odourless 
hquid , it is colourless in moderately thin layers, but appears greenish- 
blue when viewed in thick layers. According to J. Aitken, the blue 
c olour of large bodies of water—e.g., in china-clay settling pits, in 
tanks in which water is being softened by the addition of milk of 
nine, etc. is an optical effect due to the action of the fine particles 
suspended in the liquid on the light. 

Liquids are but slightly compressible. If 1000 c.c. of water be sub- 
J <vt • • 1 presMire of two atmospheres the volume will be reduced by 

M > ; Av oiding to 1\ <». I ait, this very small compressibility 

'.to r were quite incompressible, the average level of 
110 h et higher than it is to-day, and 4 percent, 
i in ice would bo submerged. 

; n ! ire bad conductors of heat; water is one of the 
1 hiding heat miercurv excepted), but even then 

:■ tivity is small. 

under "Ofi mm. pressure. The greater the 
boiling point ; and conversely, the smaller the 
boiling point. Ilu-se phenomena occur with 
i< therefore necessary to state the pressure 
point <»f a liquid. If no pressure is stated 
I Inis at yuito (StfoM feet above sea-level), 
i > average height. ."»25-4 mm., water boils at 
1 Mount K wrest (29,<K>2 feet), barometer at 
1 boil at 72 . Steam or water vapour is an 
hie h condenses to a visible cloud of small 
in contact with the atmosphere. This is 


means that it 
the sea would In 
of the pi< :. 4 

Non 111 • dli 

best of 
the lhi it., 

Wan • 
pressure, 
]»ressure, ... 
liquids gei 
when givii 
760 nun. ir> 
with the bai 
1HM ; and on 
mm., w 
invisible, cole 
particles wh« • 
readily shown 
is invisible, an . 
appears where • 

• Kougltly about 


fII' 111 ! 


U|» 


water in a flask ; inside the flask, the vapour 
id of minute water particles—condensed steam— 
-'teuii comes in contact with the- cold air. 


c. 


i>er mm. for a few degrees atx>vc and below 100. 
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10020 



1-0000 


8 " > 2 * 
Ictnperaljre 


20 C. 


17] H YUKUUtw nni^ •*«!».»» 

Liquid water freezes at 0° into crystalline ice. Water vapour freezes 
into hoar frost and snow. The crystals can often be seen when a piece of 
ice is examined with a lens while a beam of bright light is pa-cl through 
it. Snow crystals are common. They appear m the form of a hexagonal 
(six-sided) nucleus or six-rayed star with the rays developed in r 

ing complexity. The crystals are of inimitable ch-hcacj. an 1 
No two seem alike; but all arc fashioned after one definite t\ >i t 
six-rayed star. Ice appears to be colourless or white when pure, but 
it is pale blue when seen in large masses. 

By plotting the volume of a 
given mass of water at different 
temperatures, we get a curve 
similar to that illustrated in 
Fig. 17.12. This curve shows 
that, at temperatures above 4 , 
water, like most liquids, expands 
when heated and contracts when 
cooled down to 4'; but the 
curve below 4° is abnormal. It 
shows that water expands when 
cooled below, and contracts 
when heated up to 4'. If the 
specific gravity of water at 4' 
be taken as unity, it follows 

that water becomes specifically , . . t i : no ; n » 

lighter when the temperature is raised or o\\e . small, but 
The expansion of water when cooled from nature \vh**n 

that minute quantity has a very important bean g in ' , h( . 

the water on the surface of, say, a lake i> . * .» ■ t ' MVU | a ti».n 

heavier cold water sinks, and the warm wa e * ' . ' to ^ . anV 

^ the r:i: 

fell to 0". the whole body of water 1;irf , c . r amount of ice 

and produce profound climatic changes, . _ . i,, r t | it . n .st 

formed in winter would materially aliett ic i I 4 j • | contracts 
.(.he Tta. remarks do mm V " ^ 

as the temperature is towewd ov " liquid water at o' gives 

of freezing water expands so that ioc. . \i . | c S . H .< ,tic 

approximately 110 c.c. of ice at the s«une t J 4 ,’ rom oil I to 

gravity of ice at 0" varies with ,l Y''°‘1°j s 0-WWi7 Accordingly. 
0-9182; the specific gravity of water at 0 is 0 b > 

•• • < •»♦ the bottom ‘*1 rapidly moving 

• “ Ground icc " or *' anchor ice ^ ° * . ||ol sc ui c in layers, 

streams when the water is thoroughly mixed an 


Fig. 17.12.— Relations between the 
Volume and Temperature of Water 
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ice floats on the surface of water. The expansion of water during 
freezing is an important factor. The expansion may burst the inter¬ 
cellular tissue of plants bv freezing the cell-sap; the expansion may 
disrupt the fibres of flesh, so that frozen meat appears rather more 
14 P u lpy " than ordinary meat. If water freezes in pipes, the expansion 
of water in the act of freezing may burst the pipe, and the pipe will 
“ " "'hen the ice “ thaws ”; water freezing in the surface crevices 

of rocks splits and widens the fissures so that the surface crust of the 
rock appears to disintegrate during a “ thaw." The debris collects as 

talus " at the foot of the rocks, ready to be transported by water to 
lower levels. Hence this simple force plays an important part in the 
weathering and decay of rocks, building stones, etc., in countries 
exposed to alternate frost and thaw; and J. Tyndall adds: "The 
records of geology are mainly the history of the work of water." 

I he electrical properties of water have been mentioned already in 
Chapter 12 (page 199). It is a poor conductor of electricity, having a 
specific conductivity at 25° C. of only 0 04 x I0~ 6 ohms. It is, how¬ 
ever, notable in being a good ionizing solvent, that is to say, compounds 
like common salt and hydrochloric acid, i.e., polar compounds or 
compounds containing an electrovalency, dissolve in it, giving con¬ 
ducting solutions in which the solute has become largely dissociated 

into ions. \\ ater is not the only ionizing solvent known, but it is the 

best. 

It has been observed that solvents whose dielectric constant (or specific induc- 
m 'V ,tv) '* Highest are the best ionizing solvents, and this is in agreement 
with wh.it would be expected on the basis of the electronic theory of valency, 
according t«> w hich polar compounds, such as sodium chloride, are united, in the 
so.id state, by the elvctiical forces between the ions. 


(hcniica! Properties 


I he (ln imc.il properties of water can be classified broadly under 
three mam headings, viz., (i) reactions in which water undergoes 
decomposition; ii) reactions in which water acts as a catalyst; 
(in) reactions in w hich water forms addition compounds. 

Decomposition A'- !;om> 


The combination of 
with the evolution of 
equation: 


hydrogen and oxygen to form water is attended 
a large quantity of heat, as indicated by the 


211. + (>., .-= 2H.O -f 11C-2 Cals., 


the water formed remaining as steam. It therefore follows, by the 
application of tin* principle of Le Chatelier, that if the reaction is to 
any extent revoi sible, die dissociation of the steam into hydrogen and 
oxygen will oc< m most at high temperatures. Investigation shows 
that dissociation does in fact take place, but it is difficult to carry out 
such an experiment since the decomposition only takes place at high 
temperatures, and recombination occurs very’ rapidly when the tern- 
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perature is lowered, so that the formation ot oxygen and hydrogen is 
not easily detected. Table XXVI gives some values of the dissociation 

at various temperatures. 

Table XXVI.—Thermal Dissociation of \V\tlr 


Temperature 


1124° 

1288° 

1984 ° 

2309° 

2488° 

2(556° 


Degree ol Dissociation 
(per cent.) 


0*0073 
0*034 
0 77 
4 3 
8*0 
111 


Many .laments which are higher m Z" T. 

hydrogen will, as pointed i on t o ‘ - ‘ odium potassium, etc.) 

suitable temperature, lhe alkali im< 
attack water readily at the ordinary 11 H 4 

2Na + 2H,0 = 2NaOH 4- H, f 

and the alkaline earth metals (calcium, strontium, etc.) behave 
similarly: Ca + 2H,0 = Ca(OH), + H, 

Magnesium, however, is only u 111 *”zinc ami*iron readily react 

fairly readily with hot water. . I- fe. _ w| j (i waU . r ordinary circum- 

with steam. Aluminium does no ( oxj( j e hut i( this is 

stances, since it is protected by . surfa jts rc . (or matio,i. 
removed and some means adopt 1 hjs can effected by 

aluminium will decompose ' v “ t f er ‘‘ ration of hvdrogen, page -Mil) 

amalgamation with mercury ( tf l > . , w | t |, water; the excep- 

Non-metals for the most part do not r ^ th , orine Carbon at 

tions being carbon and silicon. . water-gas (see pages 370-0. 

a white heat decomposes steam. ,or ™ , . v | v; 

and s.licon reacts similarly, but muc 1 

C + 11,0 « CO + H * 

Si + 2H.O = SiO. + -H; 

. , first dissolves, forming a green 

Chlorine, when passed into . hydrochloric and hypo- 

solution, but on standing, reacts, lor.n . 

chlorous acids; ^ H Q HQ + UOCI, 

* . , , ,.._ ks u „ with the formation of oxygen: 

but in sunlight the latter acid breaks uj 

2 HOC I -HCI b °n 

. . mil-irlv but no intermediate stage can be 
Fluorine acts somewhat similarly, 

L 
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detected, and hydrofluoric acid and oxygen (mixed with ozone) are 
obtained in all circumstances: 

2F 2 + 2H 2 0 = 2H 2 F 2 + 0 2 . 

Reactions involving water, but in which hydrogen is not evolved 
are, of course, very numerous, and plentiful examples occur in later 
chapters. Among these mention might now be made of hydrolytic 
reactions, that is to say, the decomposition of a compound by means 
of water. Examples are the hydrolysis of the halides of non-metals, 
such as the phosphorus halides: 

PC1 3 + 3H 2 0 = P(OH) 3 + 3HC1, 

in which the halogen is removed as its hydracid and the corresponding 
hydroxy derivative of the non-metal is formed. A similar reaction 
occurs with substances such as sulphury! chloride (the acid chloride of 
sulphuric acid). 

S0 2 C1 2 -f 2H 2 0 = S0 2 (0H) 2 -1- 2HC1. 

S0 2 (0H) 2 , otherwise H 2 S0 4 , is. of course, sulphuric acid. 

Salts which are derived from acids and bases of markedly different 
strengths are generally hydrolysed in aqueous solution (see Chapter 15). 
In some cases a basic salt is formed; for example, bismuth trichloride 
is hydrolysed to bismuth oxychloride: 

RiCl 3 -f 11 2 0 — BiOCI + 2HCL 


§ 17 Water as a Catalyst 

I he remarkable catalytic activity of water has been alluded to in 
' r * * bag* J.,.» . '.ut calls for more extended consideration here. 

omg back to the latter half of the eighteenth 
-chemical reactions proceed more readily 


oxygen which had been dried for some time 


Isolated e 

\pt rimem 

centurv, lint 

1 d. >\vn ?:.* ti 

in 1 he pi ev - 

’.v - of water 

"llbjec! be::; 

• v. ith (he < 

carbon n. 

a;: 1 c 

over sulphu 

1 ic ;n I-1 did 

alter the jd 

ll t loll ..I (he 

explosion . 

’ nir.-d when 


rurtln-i jnv 


•along the same line**, by H. R. Baker, revealed 
several utli.-i ic • n...!s normally taking place with explosion, or at 

’i • a great deal of energy, which are inhibited 
’’ , ; 1, ‘ reactants; and later, and perhaps yet 
j that intensive drying has in many cases 
j •hysical properties of substances, 
have shown that the complete drying of any 
’ • 1 iifticult task, particularly as minute traces 
.... > surfaces such as those of the glass vessels in 

which the experiment* are carried out. In order to remove these 
traces, it is necessary to heat them in a stream of perfectly dry air. 


least with the 
by the intrnriw • 
more remark IF 
a pronounced . t:.. 1 
Baker’s invent 1 
substance or sul*>!.,; . 
of water are retain- .! 
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The intensive drying demanded in order to achieve Baker s results is 
effected by prolonged exposure of the gases, or liquids, concerned to 
phosphorus pentoxide by sealing them up in tubes for a period of some 

TXthe C reSs which are inhibited or 

by complete drying, the following may be a S hvdrogen 

combines with oxygen very slowly on heating, * . ho rus mav be 

chloride do not combine on mixing; su p bi * 1P' , hvdrocen 

distilled in perfectly dry oxygen. Hydrogen and chlorine and h>drogen 

and oxygen will not explode when pencil v ^ . observation 

As regards this last reaction. Baker made the remarkable observation 

that perfectly dry hydrogen but that a spark 

almost to the melting point of >lvtrd> extent but without 

will cause combination to take place / spark the sides 

explosion. Further, although after .^ith dew still no explosion can 
of the tube can be seen to be covered unth devs st i 1 

be brought about. It has been suggested that th. 



a faulty method of density measurement 

„ tl... nlivsicat proper lies of sulraanccs 
As regards the effect ot moisture /* . [ V it,i pho*phoru> prnloxid«\ many 

Baker found that, after several \c-ar* tli.ir boiling point and surl.io- 

liquids had their vapour pressure ref uu • iodine and sulphur were 

tension increased. The melons; points of ""luls 

similarly found to be raised. irt« rs .md tin- question is nUH 

These results have been disputed in s to accept the accuracy of Baker > 
>ub judiu. but (or the moment it is "<*••»*, 
work although it is very difficult to cxpl. 

s 18 Addition Compounds of Water 

, i form additive compounds with 

Water exhibits a marked tendency molecular compounds, 

other substances of the kind soni.-t.mp ‘^ ju J o( th . 
This property is believed to be due to ‘I. electron 
water molecule, which may be represen 

II; 0; H 

»• ( .|A/ irons which can form 

and which thus contains two l° n, ‘ P a,r> ' 
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and ordinary blue copper sulphate, CuS0 4 .5H 2 0. These compounds 
lose their water (often known as water of crystallization) on heating, 
but the different molecules of water are often held with greater or less 
tenacity. Thus, for example, copper sulphate crystals lose four mole¬ 
cules of water at a temperature very little above 100°, whereas a 
temperature in excess of 200° is required to drive off the fifth. (Cf. 
Fig. 14.1, page 222.) 

It is thought by some that the water molecules are attached to the 
ions of the salt by co-ordinate valencies, and that in the case of copper 
sulphate one molecule is attached to the sulphate ion, whereas the 
other four are attached to the copper ion, thus accounting for the 
difference in the strength of attachment. This may be so, but we 
really know very little beyond the simple facts that: (1) water is a 
product of the dissociation of the hydrates; (2) water is usually given 
°ff at comparatively low temperatures; (3) water is not an essential 
part of the reacting unit in its most characteristic transformations; 
and (4) water is not generally necessary for the formation of the salt 
sin< water of crystallization can generally be removed by suitable 
means leaving the salt anhydrous. Several zeolites may lose their com- 
binrd water and take it up again without losing their crystalline form. 

If the term water of crystallization ” be carelessly employed, it 
max suggest that crystallization is somehow dependent on the presence 
“1 water, and this the more, as efflorescent salts “appear" to lose 
then crystalline character when water is lost. Crystals of gypsum— 

( aS( ),. 211 ./) -form a white chalky powder when the water is driven 
■»it . ci\>ta!line sodium carbonate, and also Glauber's salts, likewise pro- 
on- e white powders when their combined water is expelled. The pow- 
'■ : d dehydrated substances are all crystalline. In fact, practically all 

' C‘»mpou!i 1 « an be crystallized. Crystallization is not depen- 
•jesrnoc of water. Sulphur, common salt, iodine, 
i "*t.e -ii!n: f !:; ! * ■ tasmun sulphate, and numerous other crystalline 

' 'Jj'.dn the elements of water. Again, crystalline 
. d Ml ‘ : • »nrani the elements of water, and yet when calcined 

I he ealespar has lost carbon dioxide, not 

water. 


Related t<. •. 
the fact that, in ,: :t: 
is, its mokeuliH . 

formula, IIJV \\ 
that it is easy t* ' 
represent liquid v.m. 
summarized as fo! b» 

(i) Steam has a v 
higher than that cor: 

(ii) water boils at 
(page 450), which woi 
boils, in fact, at -til 


- :*y o! water of forming additive compounds is 
1 . circumstances, liquid water is associated , that 
• »-)ly more complex than is indicated by the 
• frequently represented by this formula 
■at in all probability it does not accurately 
• he evidence for these statements may be 

« nsity just above its boiling point, which is 

:u ; mg to HjjO ; 

whereas hydrogen sulphide, its analogue 
expected to have a higher b.p. than water, 
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(iii) many of its physical properties, such as its high surface tension, 
high dielectric constant, show departure from the values to be antici¬ 
pated if it were not associated. 

This behaviour was at one time ascribed to the possibility of co-ordination 
between water molecules, the oxygen of one molecule act,ng as donor and the 

hydrogen of another as acceptor (Chapter J, P-^ c • * r «nuired bv the 

formulae asH-0-H«-0-H. But it is now believed that, as required b> tin 

Pauli's exclusion principle (page 141), c a, tn«>t h«i\ 

electrons for which n = 1. Electrons having this prun. I* J * . . j otlu-r 

equal to 2 would be too far from the nucleus to serve as a 

words, a hydrogen atom cannot share four electrons. ■ «» >l I • j kindred 

of the ordinary kind is not possible and the 

phenomena, such as that of hydrogen fluoride. i-> use . ... , novc irom 

According to this view whenever a hydrogen atom at tad m nt^ai 
an atom of one molecule to that of another nu rt - ■ { , hvdrogen atom, 

of elections then the two molecules will be he Id togc" „ t , K . tNVO ; triK i,m-s 
A link of this sort is called a hydrogen bond. In the case of 

H H H H 

i (!) ^ A + i-differ only »n this way and the two molecules are 

/ V /\ 

therefore held together by the resonance 0 " cr *j^‘ 1 ' t | * d'K-^ not necessarily 
cules can be so united It must condition of .he 

imply that ionization takes place to an> l - anil s0 it may not Ik- 

;* molecule “ is a combination of the possible structures 

ionized at all 


n 

i- differ only in this way and the two molecules are 


§ 19 Hydrogen Peroxide. Formation and Preparation 

Hydrogen peroxide is a remarkable compound which was discovered 
by L. J. Thenard in 1818. 

. # * r 4 . .. nous. 1"I example, it i> 

It is formed in small quantities in a . 1. (rolll whit h hvdrogen i> 

formed when oxygen is bubbled about l,K „,«l also at the anode during 

being evolved during the electrolysis of d> '» ‘‘ | 11K |, density Water ton- 

the electrolysis of dilute sulphuric acid l>) to n |trainlet light rays 

fined in a quartz vessel is decomposed *n * peroxide and hydrogen are 

from a mercury lamp, sunlight, etc.-and h>dro ft c»i |>cr»x 

f0rmCd: 2H t O = H*Oj + H-. 

Hydrogen peroxide is produced during th*‘ the surface of volt I 

For instance, when a jet of burning h V* r ?. k V 1 ^,..,.,, peroxide can 1#«-detected 
water in which ice is floating, or on i« • 1 sl • . to sunlight; and when 

in the water; and is formed when moist t >» surface of which a I'ttle 

ozonized oxygen or air is passed through water on the 

ether floats. . , . I(irim .«i a t a high temperature by 

Like ozone (q.v.), hydrogen peroxide ca nln,ut 201 X 1 J and rapidly 

passing a current of moist oxygen throug » • a su |,stance is oxidized in the 
chilling the issuing gases. It is often formed when a sul.stai 
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presence of moisture. For instance, when zinc, copper, or lead is shaken up with 
air and dilute sulphuric acid (1:55). the reaction symbolized: 

Zn + 2H a O + O a = Zn(OH), + H,O a ; 

and 

Zn(OH) j + H t SO* = ZnS0 4 + 2H f O 

occurs. 


Hydrogen peroxide is ordinarily made by the action of acids on 
certain peroxides, such as sodium peroxide (page 576) or barium 
peroxide (page 666). 

By adding sodium peroxide in small quantities at a time to 20 per 
cent, sulphuric acid, cooled in ice hydrogen peroxide is produced: 

Xa 2 0 2 + H 2 S0 4 = Na 2 S0 4 + H 2 0 2 . 

About two-thirds of the sodium sulphate formed crystallizes out with 
lo molecules of water of crystallization, thus effecting a considerable 
concentration of the solution, which is decanted and distilled in vacuo. 
Phosphoric acid can be employed similarly when most of the salt 
separates as Na 2 HP0 4 .12H 2 0, the remainder being removed by cooling 
in a freezing mixture. 

It is, however, not easy to separate hydrogen peroxide from soluble 
salts.formed in its preparation; and so barium peroxide is the usual 
st t u ting point as the barium can be precipitated as carbonate or sulphate. 

Anhydrous barium peroxide does not react readily with sulphuric 
a< id because a coating of insoluble barium sulphate is formed. Conse- 
qumtlv hydrated barium peroxide, Ba0 2 .8H 2 0. is used. This is 
nr tin.-1 !»\ adding finely powdered commercial barium peroxide to 
; , ‘ 1 ’ * hydrochloric acid mixed with an equal volume of water 
1 'i« d in i'v. until the acid has been neutralized. A little barium 
s then added to precipitate any iron or aluminium 
• ti:* iltir.-d solution is added to a saturated solution of 
Hydrated barium peroxide separates as a white 
■ ; ’ t»\ l or the preparation of hydrogen peroxide the 
•oixide is added to ice-cold dilute sulphuric acid 
'' i \i»l>». of water). 


1 lu b.li:.i« 

cent. du• 

If barium p n 
a stream <4 . trbi 
precipitated, and . 
remains: 

BaO. 

This works well wi:i 
If an excess of car! 
is low and an insolul 
Commercially hydi 
cally. A 50 per cent. 


< > - I1 2 S0 4 - BaS(J 4 -f H 2 0 2 -f SH ,0. 

’ ( ' tillered oil. leaving an approximately 20 per 


n peroxide. 

!ded slowly to ice-cold water through which 
• is passing, insoluble barium carbonate is 
aqueous solution of hydrogen peroxide 


H ..O - BaC0 3 -+ 
lions barium peroxide. 


H,0. 


*.\ide be usetl, the yield of hvdrogen peroxide 
&rium percarboiiate. Bat O,. is precipitated, 
a peroxide is largely manufactured electrolyti- 
nitiiMi of sulphuric acid is electrolysed whereby 
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persulphuric acid is produced (cf. page 41^. This fa ■di^ti'“ nd< jr 

obtained. = Hj S A + H * < b >' electrolysis) 

H S«O u 4- H >0 = H 2 S0 5 + H 2 S0 4 
H 2 S0 5 + H 2 0 = H 2 0 2 + H >SO|. 

Concentration of Solutions of Hydrogen Peroxide 

A dilute solution of hydrogen peroxide can be concentrated in several 

Tsolution of hydrogen Sf t‘o 

100°—even if the solution be d.lute-bu if t e solute of 

about 70° in a smooth platinum or P^ ct |‘ utjon cau |„. raised to 

effervescence appear the-.^t^soPution of hydrogen peroxide is frozen, 
about 66 per cent. If a dilute sol • v hydrogen peroxide. 

ice separates and the remaining |( l ul( * concentrated by distilling 
Hydrogen peroxide solution can alsobe; ton«ntra ^ 

with xylene, or with />-cymene, sincc ‘ u hvdrogen peroxide 

immiscible liquids. Using />-cymcnc. 1IU per cent. n> 

can be prepared. cninhuric acid in a vacuum 

By evaporation over concent « Thlnard obtained tl."> per cent, 
desiccator, cooled in a freezing mix ■hydrogen peroxide by 
hydrogen peroxide. * 0*™ by .his 

distillation under reduced P rtb ’ , o,,. l)cr cent, concentration, 
method obtained hydrogen peroxn c * hydrogen peroxide in *olid 
By cooling a 95 ^ antl ", s**" 10 

carbon dioxide mixed with etI k , j ( |, c *15 per cent, hvdrogen 

of this solid be placed in a further s. 1 cr ystals of pure hydrogen 
peroxide at -10°. small needle-shaped cr>,i 

peroxide separate. (Maass, Id- 

. pmnerties of Hydrogen Peroxide 
§20 Occurrence and Properties j 

Occurrence occurrence ol hydrogen 

There is uncertainty a »»u the _ai (p;l ge 324) 

peroxide in rain, snow, dew, an< « » . y\ xic \\ ol the published 

nection with the occurrence of o. hvdrogen peroxide from other 
work does not clearly d.scrun.nate hydrogu | 

oxidizing substances. 


roperties . ,. co | ol ,rless when viewed 

Pure hydrogen peroxide is a vis l w j K n viewed in .hi< k layers, 
i thin layers, but with a bluish t | ut j ons have a peculiar 

he liquid has no smell. Dilute aqueous 



MODERN INORGANIC CHEMISTRY 


[Chap. 


296 

hitter metallic taste. When a drop of liquid peroxide comes in con- 
tart with the skin, it forms a white blister. If concentrated sulphuric 
acid be mixed with hydrogen peroxide at a low enough temperature 
to prevent heating, oxygen rich in ozone is evolved. The liquid de¬ 
composes rapidly when heated at ordinary atmospheric pressures, 
but under reduced pressure it can be readily distilled. It boils between 
6«s and 69 under a pressure of about 26 mm., and at 84-85° under 
a pressure of 68 mm. The liquid crystallizes in needle-like prisms at 
- 2 . 1 he liquid is soluble in water in all proportions; dilute solutions 
are neutral but the pure liquid is strongly acid. 

Pure hydrogen peroxide is fairly stable. Dilute aqueous solutions 
keep fairly well—particularly if acid; a 3 per cent, solution suffered 
no appreciable change when kept a year. Alkaline solutions do not 
ke« p very well. Impurities like silica, iron, manganese, and alumina 
load to a more rapid decomposition. If alcohol or ether be present, 
tie- aqueous solutions are more stable. The strength of aqueous solu- 
tiun> is represented commercially by the number of volumes of oxygen 
which I c.c. of the solution will furnish on decomposition. Thus 1 c.c. 
"1 a 10-volume solution will give 10 c.c. of oxygen when decom¬ 
posed. A .1 per cent, solution of hydrogen peroxide is very nearly a 
lO \olmn<- solution ; a 6 per cent, hydrogen peroxide solution is 
n«*.» 1 1\ of 20-volume strength, and so on. I he most concentrated 
‘•'•lution on the market is called perhydrol, and it contains about 
do per • cut. of hydrogen peroxide, corresponding with a “ 100-volume ” 
strength. 


-coinposition by Contact Action 

i p» i oxide is decomposed very rapidly if any dust be 
• * ' pla ii.um black causes an explosion. Finely divided 
n o metals, a< well as powdered manganese dioxide, 
• tion appears to be catalytic; a small trace 
• "Id. etc., can accelerate the decomposition of 
•*’ peroxide. I he action has been compared 

"’ution of sugar, and these “ colloidal ” metals 
n.e inorganic ferments. 

hvdrogen peroxide on a piece ol cotton wool 
< similar results are obtained with aqueous 
\ le. but the action is much less vigorous, 
ubuig effect on the stability of hydrogen 
•hition i- decomposed when poured on to 
' presence of small quantities of some sub- 
•d*»iide, alcohol, glycerol, acetanilide or 
-"!ution> more stable; these agents have 
i,v n< catalysts, or retarders. Acetanilide is 
f vin !4 hydrogen peroxide solutions. 


ol • • • i.«i|.; . • *i 
. 1 1 11 « .. • 
with that ’ • 
have I» •».. 

A few ,!i< 
will make tie 
solution- df L 
Rough Mir la 
peroxide t ( 
a ground-gl.in¬ 
stances e.g., 
barbituric aci« 
been called anti.ata'. 
particularly useful ii 


iu • I 


11 «*« in 
>urfn 
calcic 
m.t! 
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Oxidizing Properties . . 

tt j ‘A ...111 cr»pn resembles ozone in its strong 

oxidLn/qualities It g*rat« iodi 

iodide (page 321), H 2 U 2 -r - lv - 1 7, . • i^.urlv hv ferrous 

accelerated by acetic and mineral acids, and wi t. u « > ' 

sulphate. According to Schonbein. one part ^ ^cud bv n mi.ture 
the presence of 25,000,000 parts of ' VtlU r caI1 1 t bl ick lead sul- 
of potassium iodide and ferrous sulphate It '^ b, ; a , 
phide into white lead sulphate, as .s also becn 

the use of hydrogen peroxide for cl ^' nI '8 .„" u . tinu . s present in 

darkened by the action of hydrogen 1 • ( 

the air of towns-upon the lead compound* ntin ^ as 

Hydrogen peroxide forms some «c 4 , n | 0 a V with water 

(NH 4 ) 2 S0 4 .H 2 0 2 in which there appear* to In • • with ure a is 

of crystallization. A crystalline coinpoii ., Solution in water, 
known as hyperol and liberates hydrogen pi bleaching >ilk. 

Dilute solutions of Mr^ bleaching 

feathers, straw, hair, ivory, teeth, it .. hydrogen . H . rox ide an 

agents would injure the material. l ”^nwtim£ K lW »Lcd. The 
acidified solution of sodium peroxu * <Kroim>osition of 

actions are similar. Since the a il also used 

hydrogen peroxide—water and ox\g*n ‘ ii v< | ro „ r ,» .nroxide is also 
medicinally and surgically as an an is* | . 0 r' s \ilpluU;s to sulphates: 
used in analytical work for the ^ to km* 

arsenites to arsgjates; chromic >alts o | jj Parker showed 

salts; nitrites to nitrates, etc. H. a 4 .» t j c water, the watei 

that if hydrogen peroxide be remove* > - water containing, 

attacks sodium amalgam much m-re ^nM> 
say, 1 part of the peroxide in lb ( M> . 

Peroxidizing Properties 

Hydrogen peroxide forms peroxide > < 1,1 t | I(jN j ( | r s. 1 ; 

earths when treated with the coriebpon 

with barium hydroxide: ... n 

Ba(OH), + H 2 0 2 - BaO, + - > »»/ ) ^ ^ 

W. Spring (1895) pointed ^Vi* J-liwm carbonate 
reactions like an acid (page 311). 1 n «,ndine alkaline peroxide ib 

be added to hydrogen peroxide the rorru-pon g 

formed and carbon dioxide is evolve* . () . 

v . rrk Vi 0.4 ( O., 4 • ■ 

H *°* + Na * 3 . . * ' ! *!«„. solution <3 the carbonate, 
if the hydrogen peroxide be add*-* ° 

oxygen is evolved. . italvtic agent m tlw latter case. U 

1 he sodium carbonate acts as < « * . r s j |IR djnereiilly accord- 

is not at all uncommon to find rear 1 W Sher. 
ing to the way the substances are mi. * o 


the alkalis and alkaline 
l'or instance. 
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With titanium salts, hydrogen peroxide gives an orange-yellow 
coloration supposed to be due to the formation of pertitanic acid: 

Ti0 2 -f H 2 0 2 = H 2 0 + Ti0 3 . 

L^ tiCUlar r nt dcp< L nds upon the amount of titanium present, and 
hence the reaction can be used for the determination of the amount of 
titanium in various materials. 

rrioTuiir.?/' tita ," yl S , UlphatC , is made b - v heating titanium dioxide 
-,nri Hit. V th ‘ f, Vulumc of concentrated sulphuric acid, cooling 
and diluting with cold water. A little of this solution is added to thf 

sssmss p™: n h,,<1 " >een ■■ • >«<>» ■>' 

a SS™ 1 * a !' d Y? nad j um s , aIts give brick-red coloration, and uranium 
titanium salts” bUt 11656 rCaCtions are not so sensitive as with 

wlm-hh^inTi' 6 '] Cid ' H:iCr0j ' hydrogen peroxide forms a blue solution 
which begins to decompose immediately with the evolution of oxygen 

Some consider that the solution contains a perchromic acid variously 
formulated but usually written HCrO, (q.v.) Thin is cure hvoothesk • 
,» «„c" compound 

. n x nr ,,f C '.‘ S ™ in Cther than in water - 50 ‘hat if 

srknu', chromic acid and hydrogen peroxide in a test-tube be 

on' H e -urf h Til 3 b Ue eth , creal solution of the peroxide will float 
on the surface of the aqueous layer. The compound decomposes when 

• - h-. is evaporated. This reaction is used for the detection of 
'"-"" it.- It is said that this method will indicate one part of hydro- 
•-> ii |vioxide in 80 , 0 (iq pans of water. H J 

Reducing Properties 

!'. ' . • : • "l 1 • appears to act as a reducing as well as an oxidiz- 

1 " -■ “ ' "h °zone it forms oxygen and water: 

O a + HjO, - h., 0 f 20,; 
with silver a!.! metallic: silver and oxygen: 

11,0, 2Ag + H.O + O,. 

Similarly with 

A "- • 3I! ,0, 2Au-f 3H,0 + 30,; 

and lead diox id 


Curiously enough, 
reduced—usually tli 
The lead dioxide obt. 
acid does not dissolve 
added, all the lead di 


U,0 2 - PbO + H 2 0 -f 0 2 . 

reactions, the reducing agent is itself 
1 1 11 a^ent is oxidized during the reduction. 
<• when red lead is digested with dilute nitric 

Ml1 11 a f° w dro P s of hydrogen peroxide be 
\ule dissolves in a few moments. The lead 
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tstass ssxsst 

prioT a to y lZy£ d Hyd n rog^ b0 peroxKle 0 in .afcs^i^oxi^ 

SKft oxide: 

_ - AIT A I A 


Mn0 2 + H 2 S0 4 + H s 0, = MnSO, + 2H.0 


O,. 


A solution of potassium permanganate KMnO, acidified 
sulphuric acid is rapidly reduced by hydrogen perox.de 

5Hj 0 2 + SKMnO« + 3H 2 S0 4 = K a SO, + 2M..S0, + Sll 2 0 + oO 

Consequently, il an aqueous solutiou '?„t"H.u Xowu'“X£ 
potassium permanganate be run In ' <)( thi . |B . n „ a nganati is no 

of hydrogen peroxide until thi \nnk n t*n»\ide present can be 

longer discharged, the amount of ^ P ■ | torm ination of 

calculated. This is a convenient method 
hydrogen peroxide. 

Detection of Hydrogen Peroxide 

A number of the reactions of hydrogen 1 ‘‘W IS necessary, in 

of other oxidizing agents—particularly (; n ‘ . K . roxu |e from these 

consequence, to be able to ( tu dl . t ^ ct it in their presence, 

other substances and also to.lx a |ldum >u h>hatc and on chromic 

The actions of hydrogen peroxide m * . K *roxide is also the only 
acid (v. supra) are distinctive, and i£ ^. )(>t ^ s j llin iodide in presence 

substance which will liberate lodnu I j or ozone and 

of ferrous sulphate. A table of dist ngu > XXV1 I). 
hydrogen peroxide will be found on f M -' 

§21 Composition and Constitution of H)drogen Pc |’ ox 
* r I ( e rI11 ,„ed l)V llienard. 

The composition of hydrogen pero, << „ l;l ,foaled cylinder over 

who introduced a weighed quantity 1 1 " ' j u . at <,r by adding 
mercury. He then decomposed i * ^ |, v weight of oxygen 

manganese dioxide, and obtained a > >> I M . roxic | ( .. | he empirical 

and 9 parts of water from 1 » *•> K 

formula of hydrogen peroxide is thus * ... j ||s | M .,. n found, from 

The molecular weight of hy <lr '^ r ' I" j (rolll t |»e freezing points of 
its vapour density (which is 11/ at • * n „|,.< „|ar weight. Hence 

its solutions, which also indicate as u 

the molecular formula is H/V • iri » formula to be assigned 

There is still doubt as to the < onsl <«» l|i;|| lt is || - O - O - H. 
to hydrogen peroxide. It was at irs sl nrioxide i- l«*rine«l in 

which is supported by the fact tha ||( j llol by the oxidation 

reactions involving the reduction of ox>g< n ana 
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of water. But in order to account for the instability of one oxygen 
atom, Kingzett (1884) suggested the formula 

H>0-0 

In terms of the modern electronic theory of valency, the maximum 
co-valency of oxygen is three, and so this would become H\^ 

• • • • * • 

otherwise written H:0:0: or [H:0:0]-H+, which latter formula is 

• • • • • • 

H 

in agreement with the fact already noted that in some cases hydrogen 
peroxide behaves as a weak acid. Against this view, however, must be 
set the evidence of Baeyer and Villiger (1000) from organic reactions 
with hydrogen peroxide which clearly points to the dihydroxyl 
formula; but it is unsafe to attach too much importance to the struc¬ 
ture of organic derivatives as evidence of that of the corresponding 
hydrogen compound. 

1 he X-ray spectrum of pure liquid hydrogen peroxide, according to 
Randall (1937), indicates that the hydrogen atoms are arranged in 
directions at right angles to each other and to the line joining the 
oxygen atoms. (See Fig. 17.13.) 



• = Hydrogen O = Oxygen 
Fig. 17.13.—Structure of Hydrogen Peroxide 

I he reported discovery of a new variety of hydrogen peroxide formed 
•>' action of atomic hydrogen on oxygen at liquid-air temperature 
i'oi 1 and Harteck, 1934) suggests the existence of molecules of both 

type*. 




CHAPTER 18 

OXYGEN 


On the first oi August, 1774. I endeavoured to extract air from mtrturius 
and 8 I presently found that a,r -as «l-. cd front ,« very 
readilv Having got about three or lour times as much .i' « > bu k o1 " > 
Aerials I admitted water to it and found that « was not 
what surprised me more than 1 can well expre^ 
this air with a remarkable brilliant llainc — J. I riestlev . 

§ 1 History and Occurrence 

The discovery of oxygen must be accounted one °f Iht- 

advances in the history of chemistry. ranking .» 1,1 g 

of the composition of water. As has been said (page a. •*«r 'as for 

long considered to be an element, and .t was ..... " ' V ix u e 

eighteenth century that it was recognize.ito he tsstnt.ally a mixture. 

the active constituent of which we now call oxygen. between 

Oxygen was discovered independently by bcheek' some t m b. t*e*n 

air " and ‘^vUa^'air/ and made it by heating - d oxide mercujy: 
sulphuric acid and manganese dioxide, nitre, am 

Fig. 18.1) along with mercury, and in¬ 
verted in a trough of mercury, somewhat 
as in Fig. 18.1. Priestley focused the 
sun's rays upon the different substances by 
means of a " burning lens of - incites 
diameter, and 20 inches focal distance 
Priestley announced his discovers " 
oxygen in the words quoted at the n *»i ° 

this chapter. . , , _ n 

Many erring steps have stumbled on 

the threshold of the discovery of oxyg< n. 
for instance. Eck de Sultzbach. in • 
knew that red oxide of mercury K aVt ° ‘ 

** spirit " when heated ; had he name-<l . 1 in U{C{{ wllll t hc discovery 

isolated the “ spirit ” he would have | )y bating saltpetre; 

of oxygen. In 1078,0. Borch prepa lu-ating saltpetre; 

in 1727. S. Hales collected the gas oju* • J burned it the 

P. Payen obtained it in 1774; and . . n - J ^ 

• Thai is. mercuric oxide, o 
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same year. These are not usually considered to have been discoveries 
of the gas because no attempt was made to determine the specific 
properties of the product. There are also indications in old books 
that the Greeks knew about oxygen in the fourth century; and that 
the Chinese were acquainted with the gas long before Priestley's and 
Scheele’s experiments. 

The real importance of this discovery escaped both Scheele and 
Priestley on account of their adherence to the doctrine of phlogiston, 
and it fell to Lavoisier to show that combustion, calcination of metals 
and respiration are related phenomena and are processes of combina¬ 
tion with oxygen. The account of Lavoisier's work in this field belongs 
properly to the history of the elucidation of the nature of the atmosphere 
and is given elsewhere (Chapter 23). * 

Occurrence 

Oxygen is the most widely distributed and commonest of all the 

elements. 

About one-iourth of the atmospheric air, by weight, consists of free 
oxygen, and water contains nearly hi) per cent, of combined oxygen. 
Oxygen also forms a material part of rocks. Thus calcium carbonate, 
which occurs as chalk, limestone, marble, etc., contains 48 per cent, of 
oxygen; and silica, which is found in flint, quartz, etc., contains over 
53 pei cent, of oxygen by weight. 


5; 1 Preparation and Manufacture of Oxygen 

( J.wgen is obtained either from the atmosphere, or by the decomposi¬ 
tion of oxygen-containing compounds, such as oxides and salts of 
« \y a* ids. It is also formed along with hydrogen in the electrolysis of 

w aier. 

I li.- atmosphere :s the only source of oxygen which is used tor its 
mamii it tnie <see below), but other methods are employed for its 

pi* |mi.:!ii»u in the laboratory. 

M i v xides are n *t decomposed bv heat, but some, notably those 
•; • ii« railed ' noble “ metals (e.g., mercury, gold and silver), are 
•: . >ed in this way. Priestley’s method of making oxygen from 
oxide < xenij>Llie> this fact and silver oxide behaves similarly: 
211 gO = 2Hg + 0 2 
2Ag..O = 4Ag 4- 0 2 . 

).' i t xides of some other metals lose oxygen on heating and a 
>:i le iein tins. Kxamples are manganese dioxide, lead dioxide, 

? . i'v.tf, b.tiium dioxide: 

3MnO., - Mii 3 G 4 -f 0 2 
2Pl>0„ - 2Pb0 + 0 2 
2Pb t< (), HPbO -r 0 2 
JHaO,. =--• 2BaO -p 0 2 . 
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These methods are not now of practical importance 

“ si srt 55? && zsstJsrs .« 

contact with cold water, and oxygen may be prepared in > 

2Na 2 0j +2H t O = 4Na OH + 0 5 . 

Oxone is a commercial preparation cons, ?j. 1 '?8. ^am-ariesc ^toxide! 
mixed with a little catalytic agent hkc coll«da manga,n«e dao^ ^ 

and is used for the making of ox>gen ° * ‘ an( j nitrates dccoin- 

some oxy-acids such as chlorates. P ern ™. £ basis of t j u > ordinary 
pose when heated, yielding oxygen, am ^ . chlorate being the 

laboratory method of preparing oxygen, potassium 

most convenient salt to use. 

Preparation of Oxygen from Potassium Chlorate 

Potassium chlorate is . S'^MO'hW ** melted 

evolved. Alter a time the bubbling d.e,,»|ied 

to “ thicken ” or solidify. Ihcpot. > and oxygen. If the 

into potassium perchlorate, potassium <- . mass again melts 

temperature be raised still »«rth«-^r .^composes, giving off 
to a clear hquid and the potassiumip . a< . ( . (m ,. itio „ arc potassium 

more oxygen. The fid pf* 1 ^ vvhScl! take place may be 
chloride and oxygen, lhe reaction 

represented: = KC , + :!0 , 

4KC10j = KC1 + 3KC10, 

KC10 4 = KC1 4- 20.. 

The temperature required to drive off the wW Jesuit may be 
higher than is convenient for ordinary • , i( it | ias been 

completely decomposed, at a much lou. r t. mpe 

mixed with manganese dioxide. ... . ma ; ns but the potassium 

After the action, manganese d.ox.dcs.d^n" Man . 

chlorate has decomposed into potass j ( |ue hv lixiviating the 

ganese dioxide can be recovered r<) , nota^sium chloride, and 

mass with water. 1 he water disso («,balt and nickel oxides, 

leaves the manganese dioxide as a n s decomposition of potassium 

like manganese oxide, accelerate c ,v viren is prepared by care- 

chlorate. For regular expcrimenta > v : _• , t powdered) with 

fully heating a mixture of P<f"-! 'xvg‘n mixture-in a large 
its own bulk of manganese dio. llcrs a „ explosion may 

• If the manganese dioxide contains-i.ouUn« twlcd l>y heating a h"U with 
occur. Hence the manganese dwxwc• j ic . u ted. 

potassium chlorate before a large qu 
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test-tube, or a retort, or a special copper “ oxygen tube," fitted with 
a wide delivery tube, because the gas is liable to come off rapidly in 
rushes. The tube is best clamped while tilted slightly downward 
towards the mouth, as indicated in Fig. 18.2, because a consider¬ 
able amount of moisture is usually discharged from the mixture, 
and there is a risk of the moisture trickling back and cracking 
the glass. The gas is collected over water as in the case of hydrogen. 
The oxygen obtained bv this process sometimes contains traces of 
carbon dioxide and chlorine. These can be removed by passing the gas 
through a soda-lime tube as shown in Fig. 18.2. 



I he action of the manganese dioxide in this experiment is curious. 
It was tir>t observed by Dobereiner in 1820 and has been referred to 
already in Chapter 14 as an example of a "catalytic agent," i.e., a 
substance vlu<h can accelerate (or retard) a reaction, without itself 
undergoing .mv permanent chemical change in the process. In the 
dreomp isition <>| potassium chlorate many other oxides act similarly, 
but .u«- not i piitc so effective—c.g., ferric, copper, cobalt or nickel oxide 
may b«- u<ed in place of manganese dioxide. 

ih. i\. ! *.*.; i \ in wliH'li I he manganese dioxide acts is still uncertain One 
plan ii.lr . i*. e ’.hat |Hita>Muin permanganate is alternately .ormed and de- 
comp -cd i i i « ated m the following equations: 

i.MnUj 2KCIO, 2l\Mn(> 4 + Cl, -f O, 

•JKMuO, K .MnO, t MiiO. f O, 

K.Mnn, Cl, =-- 2KCI -r MnO, -f O, 

>. \ i-w :s >!jpp. it ted In the lact that .1 trace ol chlorine is olten found in the 
• • 1 . \ iu tin'' \va\ and tin 1 potasMiim chloride left is often coloured pink, 

ucgi ti 1." have lieen alternate lormation and decomposition of a higher 
..d« « j niallgaiiese. e g.. 

2 .M 11 O. KCIO, Mu,!), - KC1 
*2Mn s O. 4.MnO. + HO, 

•: it the inatiganeM* dioxule provides nuclei which prevent the supersatura- 
, .1: ol the citlot.1 te with oxygen 

1 ii< suggestion that tin* manganese dioxide does lake part in the reaction 
livmn.ilk is borne out bv the lact that it lumps arc used to make the initial 
mixture ihey are found to have In-come finely powdered after the experiment. 
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Many other methods ... 

example, by heating sulphuric ac tlo a lim % )l . rm am'anate. or other 

trioxide potassium d,chro ™^ r ’ C ent. solution of hydrogen peroxide 
salts nch in oxygen. 1 notassium permanganate gives olt 

and a concentrated solution I «- l>otassium permanganate, 
oxygen when acidified with sulp a Q ’ en> an d bleaching powder 

when heated alone, also gnes o ? cobalt salt (as a catalytic 

solution readily decomposes in presence of a cobalt 

agent), yielding oxygen (cf. page 303). 

Manufacture of Oxygen atmosphere is the only 

For the industrial preparation of ox>gc^ man ,Centred by Brin's 

practicable source. Oxygen \\as * formation of barium dioxide 
process (1881) which depended upon 
when barium oxide is heated in air o . 

2BaO d- 0 2 = 2\toO r 

» <till hitzhei temperature. 800 01 

If the barium dioxide be heated to . ^.per.iture. the oxygen is 

the pressure reduced without altermg l l J. 
given off and barium oxide remains as a k sul 

»SaO, = + <)• 

* , f |.,, method bv which 

The extraction of oxygen iron* '"l 1 ^ ™ manufactured The lrac- 

the whole <■( the oxygen of commerce 41-43. 

tionation ot liquid air has been describe .1 I * 

S 3 Properties of Oxygen 

' > i colourless, tasteless, and 

Oxygen is, at ordinary -^r. Oxygen is appreciably 

odourless gas. It is a little dc at 0 can dissolve neaih •> 

soluble in water—10b volumes o ‘ * stin . 0 j 7*5*1 mm., ami at 

volumes of oxygen under a norm. 1 , |;j„h a re dependent upon 

about 3 volumes of the gas are tlu . v „ml lor respiration, 

the air dissolved in water for ‘ ; - n air for rrspnation Air 

Animals are dependent upon the « . a|| ,f M the proportion tails 

normally contains 21 per cent, o * ^ have been obseived. 

to 17 per cent, no known delet *" An(lrs breathe air which has 

Indians living in the upper reaches > ^ 0 f oxygen at ordinary 

oxygen equivalent to air with - ml) ortion ol oxygen lalls below 
atmospheric pressure, \\hen w I ^ although air with le» than 
this value the air is getting dang* J ■ . ^ impunitv h*r a short tune. 
7 per cent, of oxygen can be , no use soon dies if placed in an 

life will soon be extinguished. • oxygen can !>•• bleat la d toi 

atmosphere deprived of oxygen. j s used ine<licinallv foi the 

a short time without harm, andox>g ^ ((oc;|t| . (| or sullernig bon. 
resuscitation of persons who ha\i villJ , to the enfeebled action 

carbon monoxide poisoning# etc.. 
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of the lungs, the blood is not sufficiently aerated; and where it is 
necessary to stimulate a person with an internal injury—e.g., a broken 
rib—which would prevent artificial respiration. The prolonged inhala¬ 
tion of oxygen soon raises the temperature of the body dangerously 
high. An animal placed in ordinary or in compressed oxygen soon dies. 

Metallic silver, gold, platinum, and palladium absorb oxygen at 
about 500°. Molten silver dissolves about ten times its volume of 
oxygen, and gives it up again on cooling. In cooling, a solid crust 
forms on the exterior surface; as the interior cools the gas bursts 
through the solid crust driving out a spurt of the still fluid metal—the 
phenomenon is called the “ spitting " of silver. Molten platinum 
behaves in a somewhat similar way. 

Oxygen has been condensed to a bluish-coloured mobile liquid which 
boils at - 183 at 760 mm. The liquid has a specific gravity of 1 14. 
Liquid oxygen can be frozen to a pale bluish-white solid not unlike 
snow in appearance. The solid melts at -218-4°, and has a specific 
gravity 1 -43. The critical temperature of oxygen is - 118*75° and the 
critical pressure 49*7 atmospheres. 

Liquid oxygen is strongly attracted by a magnet, so that if a little 
liquid oxygen is placed in a cup beneath the poles of an electromagnet, 
it leaps up to the poles and remains permanently attached until all is 
evaporated. Mixtures of liquid oxygen and petroleum are violently 
explosive. It is said that a lighted candle falling into a bucket of 
liquid oxygen sent G. Claude to the hospital “ in a very pitiable 
condition.” Lamp-black soaked in liquid oxygen burns slowly when 
ignited, but explodes violently when detonated by a fulminate primer. 

The great chemical activity of oxygen is well typified bv Priestley's 
quaint observation, indicated on page 301. A glowing splint of wood 
f 1 cedar -splints ”) when plunged into oxygen bursts into flame, the 
carl>nii *•! the wood being oxidized to carbon dioxide (C0 2 ). The 
iiillammation of a glowing splint is often used as a test for oxygen. 
A n ixtui'* ••! air and oxygen containing less than 2S-29 per cent, of 
*ixvg< n do» s not re-ignite a glowing splint. Oxygen combines directly 
with mu>t oilier elements, particularly at elevated temperatures, 
•• .ri. i.i _ oxides Iodine, bromine, fluorine, gold, platinum, and argon 
.id it fomj anions do not combine directly with oxygen; but oxygen 
id* :!*- indirectly with all elements excepting those of the argon 
• l! the metals be arranged in the order of their avidity or rcadi- 
• .inl ine with oxygen, caesium, potassium, and sodium will be 
i one end of the series, while platinum and the argon family 
•si! r». lound at the other end. 

direct i ombination of oxygen with some of the elements can be 
:• *t« d i»\ placing >mall dry pieces of carbon, sulphur, phosphorus 
i I’.tgrating spoons, heating them until combustion begins, and then 
; Tinging each into a jar of oxygen. The glowing piece of charcoal 
i)urn> very bright !v and forms a gaseous oxide—carbon dioxide, C0 2 . 
Sulphur burns with a lavender-blue llame, forming gaseous sulphur 
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dioxide—SO,—which has ihe ££3* 

sulphur. Phosphorus burns * H* , p q The phosphorus 

forming a white cloud of ^taiShoric acid. HP0 3 . 

STthe Cements in 

wool ” to the end of a stout iron * unt ,l incipient combustion 

Heat the end of the wool in a Bunsen s flame until in ^ ^ boUom o( 

begins, and quickly plunge it paper has been placed. Ihe 

which a layer of water, sand, or a^io p P , uc , (|f the reaction- 
wool burns with dazzling scmti . • . j f us ed globules. When 

iron oxide-falls to the bottom of the ^ n ^ 5ca le. It is 

cold, the oxide of iron resembles a bbch m ^ ox ij e )—Fe,0 4 . Ihe 

called black or magnetic oxide of iron (hi 
reaction is usually written. __ i' O 

n. so*., o, .xid.,^—:- — - 
(pages 316, 381). 

S 4 Formula and *,.mk W« S M .1 Ox^, ^ 

As mentioned in Chaiiter 15 ehenoeal at.’ 

at 16 000 is taken as the Internat > isotope of oxygen of 

weights. The physical standard * «£‘ '“^.gei, traces ut tssu other 
mass 16, and since there are, ,n Js jj|j,. r sliglillv m > act '» Bit 

isotopes (see § 5 below) the two standards 

ratio of 1 : 1 00027. be (),. The evidence lor tl..s_.s 

The formula of oxygen s taken jonnula , 


oxide. Prom which u ( j (K . s m» .. - ■ ... 

contain at least two atoms. * t ,j u* >pecilic heu 

atoms is shown by the (act that the rati 

(d. page 70). 

5 5 Mopes ot 0,«en ^ ^ . 

Before 1029 it was believed that oX >^jj. |„ that year, however, 

that is. consisting of atoms f.^sbui than he analysis of the 
it was shown by Giauque am J . . t ed the existence o • 

of atmospheric absorption bands , ,n.,ss 17 was re - e 

of mass 18. and a little later a S-.1 ™ r ™ ^ |w , ,, r „ved d. u u« > 

The ratio of the abundance ° ^ acct . ])t \.,l are m2.j per eent.ol 
determine, but the figures at \ ^ ol , na »s 1 » 

isotope of mass 18. and 0 04 per cent. 
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Attempts have been made to concentrate the heavier isotopes of 
oxygen by the electrolysis of aqueous solutions, and by the fractiona¬ 
tion of liquid oxygen, but so far the effects observed have been very 
slight. It is also proposed to attempt it by diffusion. 

The bearing of the discovery of isotopes of oxygen and the discovery 
of heavy hydrogen on the evaluation of atomic weights, has already 
been discussed (pages 139, 209). 


§ 6 Uses of Oxygen 

Oxygen is used in medical practice as already mentioned (page 30f>), 
and in cases of artificial respiration it is sometimes employed mixed 
with carbon dioxide or with helium. 

Oxygen is used in conjunction with hydrogen for the oxy-hydrogen 
flame (</.?'.), and with acetylene for the oxy-acetylene flame used in 
welding. I hick steel plates can be cut with ease by playing a fine 
stream of oxygen oh the red-hot metal. Advantages are claimed for 
enriching with oxygen the air-blast of a blast furnace. Oxygen is 
used in bleaching, in the oxidation and thickening of oils to be used in 
making varnishes, linoleum, etc. 

Liquid air, or rather liquid air enriched with oxygen, furnishes the 
explosive oxyliijuitc when mixed with charcoal; 3 cm. cartridges 
charged with one part carbon, one part petroleum, and eight parts of 
liquid oxygen were tried experimentally when cutting the Simplon 
I unncl. I he cartridges are exploded by an electric fuse and a mercury 
fulminate cap I he chief objection is that the cartridges must be 
um-( 1 within three minutes after charging, or the oxygen will evaporate. 

1 his objection might be an advantage under some circumstances, since 
a misfired shot is harmless in a short time. 


7 Oxides 

I fompoiinris of the elements with oxygen are called oxides and 
.*!• imp''itaut substances. They can be classified, broadly speaking, 

,mo six mam gioups. These are: 

(i X«*ntia! oxides, 
ii Acidic oxides. 

•iiii l*a*a< oxides. 

!!•',» \mj liot.-nc oxides. 

<v) IVp-Mdcs. 

vi# Mr. d m « oinpound oxides. 

Neutral Oxides 

I h* >« are oxides which do not exhibit any tendency to form salts 
either with acids oi bases, and nitrous oxide is an example of a neutral 
oxide. 
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Acidic Oxides 

These are oxides which react with bases to form salts. An example 
of such an oxide is carbon dioxide, which will react, or c. a p , 
sodium hydroxide solution, forming sodium carbonate: 

2NaOH + C0 2 = Na,CO, + H,0. 

It often happens that such oxides will react with ** e [-*°™'***£' n ' S 
A good example is furnished by sulphur trioxi ^ 

readily with water, forming sulphuric acid, a reac ion P . 

for the manufacture of this acid: 

H 2 0 + S0 3 = H..SO,,. 

Oxides such as sulphur trioxide and pho>|>horus 'nlivdride^' 

acids with water/are also called anhydrides or 

lrom the Greek *. without; vhcop (/n , </b»r), '' a c -mhvdride■ and 
only called sulphur dioxide, but also suip'* j an | n ’d r j ( i r . 
P 2 0 5 is not only phosphorus pent oxide, \ 1 j elements 

An anhydride can be regarded as the residue ■ left ; 

of water are removed from an ox >^' lc,<J , 1 ^[phur trioxide 

water, gives sulphuric anhydride. bO ;l . a- Other 

sulphurous acid/ less water, gives ^^ide. 

important acid anhydrides, or SM - ul ' 0 Vf t!, ' jd [. s 0 ( t |ie halogens. From 
nitrogen trioxide and pentoxide, and the usu-illv acidic oxides, 

this it appears that the oxides of non-metals are usualH 

Basic Oxides . . , , ltu . 

Many oxides are found to react with aci to in wator . 

Such oxides are called basic oxides, an< . \ * e k no \vn as alkalis, 

that is, if they form soluble hydroxides ^ (Q form sodium 

Sodium monoxide, which combines _ example of 

hydroxide, in solution if excess of water be used. 

tlMS: Na s O + H t O = 2NaOH. 

Important examples of basic oxides are the; «n» lc,um - CnP ‘ K '' 

and iron. Basic oxides are always the oxu » s 

Amphoteric Oxides oxi(1 ,. s which can behave 

It is found that there are a num ' ((| c j rc „ ms tanccs. lhus, 

either as acidic or as basic oxides act_ £ (j( , | 0) . m j nR a solution 

aluminium oxide will react with h\di > oX j,i c . when in acid 

of aluminium chloride—thus bi-having ‘ tr u .,| sodium hydroxide 
solutions; and it will also react with toncentrau 
solution, forming sodium aluminate: 

A1 2 0 3 + CHC. = 2.UCI, + 3H.O 

AljO a + 2NaOH = 2NaA10, + H a O 
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—thus behaving as an acidic oxide when in alkaline solutions. Such 
oxides are called amphoteric oxides. Other examples are the oxides 
of zinc, arsenic, and antimony, stannous oxide and lead monoxide. 

Peroxides 

A true peroxide is an oxide which, when treated with dilute acids, 
yields hydrogen peroxide. An example of such an oxide is barium 
dioxide: 

Ba0 2 -f- H 2 S0 4 = BaS0 4 + H 2 0 2 . 

Peroxides may be thus thought of as salts of hydrogen peroxide, which 
in turn is then considered to be a weak acid. 

The term peroxide is often loosely applied to higher oxides such as 
PbOj and Mn0 2 . These, however, do not yield hydrogen peroxide 
with dilute acids, but give the salts of the lower oxides and free oxygen 
(or if hydrochloric acid is used, chlorine). They probably differ, 
therefore, in structure from true peroxides. In order to distinguish 
between these two kinds it has been proposed to call those which 
yield hydrogen peroxide superoxides or true peroxides, and those 
which give oxygen polyoxides. 

Compound Oxides 

These arc oxides which behave as though they are compounds of two 
oxides: though it is not certain that they arc all compounds. A familiar 
example is red lead, Pb 3 0 4 , which behaves like a compound of 2PbO 
and Pb0 2 , for. when treated with nitric acid, lead nitrate is formed 
and lead dioxide is deposited: 

Pb 3 0, 4* 4HN0 3 = 2Pb(N0 3 ) 2 -f Pb0 2 -f 2H a O. 

Red load here seems to be a lead salt of the weak acid corresponding to 
1M>( > < >ther examples of this type of oxide are ferrosic oxide (triferric 

tetruxide), l : »* 3 0 4i and the similar oxide of manganese, Mn 3 0,. 

Ih« *xid •> of the elements are among the most important of their 
r • -in} funds and their properties are of importance in relation to the 
chi -ih< ttion of the elements (cf. Chapter 8). Thus, boron, carbon, 
phosphorus, sulphur, selenium, tellurium, chlorine, bromine 
• i ii:i only acidic oxides ; whilst sodium, potassium, calcium, 
'•line barium, copper, silver, cadmium, mercury, cobalt, nickel 
: .mm hav« oxides with basic properties only. Again, zinc, 
. :.!< 'in, lead and gold yield amphoteric oxides. 


$ 8 Preparation of Oxides 

! . met in kR i*l preparing the oxides of the several elements are 
» >. ii d in the » haplers on the elements themselves, but the subject 

• .• *-! >utiirii*iKi importance to warrant collecting together here, in 
uminary form, the principal methods available. These are: 

Burning element in air tor oxygen), e.g., C0 2 , P 4 O I0 , MgO; burning 
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element in stenm. MgO: 

decomposition ol ca.bom.te bi to• ^ ^ L .,. S ,iO 

1' decomposition oi compound os. 

e.g., Pb0 2 from Pb 3 0 4 . 

§ 9 Acids, Bases and Salts 

The classification oi oxides gi’j ^ses ! ^Some detail consider.** 
upon their behaviour towards acid* andl ^ 

tion of what is meant by these tt ' rn , 15 s e u , arlH .j gradually to arranp 
The early chemists appear toh dj as these substances 

certain substances into two gr P . vinegar or with wood 

possessed certain qualities in c <” ( f rom t lu* Latin, aciiltts. sour); 
ashes. The former were ca.led acids ^ of a plant), 

and the latter alkalis (from t c • ‘ . ‘ j ne< | bv calcining variou> 
because the alkalis were genera. . ‘ j s ( he end of the seven- 

materials and reducing them to as h*- proi>orties oi acids 

teenth century. Robert Boyle su n «i fmans substances 
as substances which (1) have a s<>ui i* ' • y solutions of sulphur. 
(corrosive); (3) precipitate “‘J" ^ blue litmus, red; and 

(4) change many vegetabh bh , brought into contact uith 

(5) lose their acid characteristics . , j to be substances which 

the alkalis. The alkalis were c< ronerties; (21 dissolved oils and 

(1) possessed detergent and soap) l 1 reddened bv acids; ami (4) 
sulphur; (3) restored vegetable indiliere.it substances, 

had the power of reacting with «u < * I | opposed to one anothei . 

The properties of acids and alkalis u « ()t her Salts were 

for, when mixed together, the oi c . ‘ ct - on acids and alkali'', 

considered to be products oi X vjth alkaline qualities did not 

It was soon found that some su >s » ilmost it;soluble in water 

melt nor change when heated, am 1 ‘ q j; , U i-lle employed th»* 

these substances were called car ' ... oxides f cak es ). 

word base to include the earths, « • • rearl)llJ , with the acids, 

and all substances which produce > 
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words signifying ” the generative principle of acids ” o$vs ( oxns ), 
sour, and ycwdco (gcnnao), I produce. 

With increasing knowledge, it was found that Lavoisier's oxygen 
theory of acids led to confusion and error, and it was gradually aban¬ 
doned by chemists when it was recognized that: 

1. Some oxides form alkalis, not acids, with water. —E.g., sodium, 
potassium, and calcium oxides. 

2. Some acids do not contain oxygen. —C. L. Bert hoi let showed, in 
I7S7, that hydrocyanic (prussic) acid is a compound of carbon, nitrogen, 
and hydrogen, but contains no oxygen ; and he also came to a similar 
conclusion with regard to hydrosulphuric acid—hydrogen sulphide. 
But for some time Lavoisier's reputation had more weight than 
Berthollet's facts. In lNlO-11 Humphry Davy proved that hydro¬ 
chloric acid is a compound of hydrogen and chlorine, and that no 
oxygen could In* detected in the compound. In 1813 Davy also proved 
that hydriodic acid contained hydrogen and iodine, but no oxygen. 

I lence, added 1 )avy. “ acidity is not connected with the presence of any 
one element." 

In IM."> Davy suggested the possibility that hydrogen, not oxygen, 
gives the acid characters to the acids; but he did not rush to the 
other extreme and sav that all hydrogen compounds are necessarily 
acids. There is no one property which we can use as an absolute 
criterion «n decisive test of acidity In a crude sort of way, it can be 
said that acids usually have a sour taste, are usually corrosive, redden the 
blue odour oj vegetable substances {e.g., litmus), and contain hydrogen, 
hart or all of a huh tan be replaced alien the acid is treated with a metal, 
metallic oxide, hydroxide, or carbonate. Acids are known with a sweet 
taste. .tiii ! whi< h are not corrosive. Alum does not contain replaceable 
hydrogen and it would not therefore be classed as an acid, although it 
i^ >i ut corrosive, and colours blue litmus red. But we are far from 
a s itivf.u tory definition of acids, although, as has been said in Chapter 
I o a vt iy fair definition can be framed in terms of the Ionic Theory. 


Sails 

In v • if mi • h< nustry the word salt is a descriptive term applied to 
.t di n e., t mib of substances and not to any particular individual. 

-alt i> • ollofjuially applied to one specific individual, 
1 iitle A salt is produced by replacing all or part of the 
•n •! an acid by a metal or basic radical. For instance, zinc 
i f . a v lhe hydrogen of sulphuric acid: 

Zn • ll 3 SOj -- ZnSO, -r H 2 

• ,-:n /me 'iilphatt, as indicated on page 2(10. Hence C. Gerhardt 
! - diTmed acids t«» be “ salts <»f hydrogen.” 

I:, normal salts ail the displaceable hydrogen ol the acid is replaced 
the base. Ion instance, sodium sulphate Xa 2 SO, is a normal 
salt 1 -cause all the replaceable hydrogen of sulphuric acid is displaced 
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by sodium. In acid salts °" ly h P 3 ^ hydro- 

been displaced by a base, and the , . . KaH $o.— contains half 

gen. For instance, acid sodium P , h a jf as man y equiva- 

the replaceable hydrogen of , hat ’ c if an acid contains two 

lents of sodium as normal sodiuni s p « c - that all need 

or more replaceable hydrogen atoms itdoes not i 
be displaced by the same element. Thus. 

H 2 S0 4 —sulphuric acid. 

NaHS0 4 —sodium hydrogen sulphate. 

Na 2 S0 4 —sodium sulphate. 

NaKSO,—sodium potassium sulphate. 

Sometimes the term " hydrogen t0 the term 

acid salts, and sometimes the prefix su |n|iatc ” is also called, 

for the acid in the salt. Thus ac * ,. .. so( ij um bisulphate, 

as above, “sodium hydrogen s I■ „* ' normal salts are 

as well as “ mono-sodium suiphatc.^ that a „ thi . hydrogen 

sometimes called * neutral salts a cid. rhese salts, 

has been “neutralized” or ^^^m.is-thus normal zinc or 
however, are not necessarily ,1<u . ‘ if they were acids; borax, 

copper sulphates react towar ^* ' car bonate react as if they were 
sodium nitrite, and normal sodium 

alkalis. tun nrefixes mono-, di-. tri-, . . • to 

It is sometimes necessary to um . P ^ Thus with phos- 

discriminate between the different salts ol 

phoric acid: 

HjPO,—phosphoric acid. 

NaH 2 P0 4 —sodium dihydrogen phospia 
Na,HPO.—disodium hydrogen phosphat* 

Na.PO.—normal, or tri-sodium phosphate. 

3 || *i... hydrogen of an a( id 

It would be a mistake to assume tha. a^ kn j w l,ypophosphorous 
replaceable by a base. Ihus, •*> « ** drogen atoms replaceable >> 

acid— H a PO,— has only one of its thrc_ > i () ^ N. 1:l PO,. Mnularl\. 

a metal. No one has ever prepared ^ hydrogen atom 

acetic acid—C,H.O, or tH,.CO l H- -to* ^ |)f hydroge „ in one 
replaceable in this way. The number ol at ^ ^ of a r ,d,cal. ts 

molecule of 
termed the 

monobasic 
replaceable 

phosphoricacia—n 3 rw 4 — —— j 

tetrabasic. Hypophosphorous acta a 

—are monobasic. 
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Bases 

A base—Greek /Sclcti? (fasts), a base—is a substance which reacts 
with an acid to produce a salt and water. For instance, zinc oxide 
reacts with sulphuric acid to produce zinc sulphate and water: 

ZnO -f H 2 S0 4 = H 2 0 + ZnS0 4 . 

Sodium hydroxide reacts with sulphuric acid to produce sodium 
sulphate and water: 

2NaOH + H 2 S0 4 = 2H z O + Na 2 S0 4 . 

The bases include the oxides and the hydroxides of the metals, and 
certain groups of elements equivalent to a metal. For convenience, 
certain groups of elements like ammonia—NH 3 , hydroxylamine— 
NHjOH, hydrogen phosphide—PH 3 . etc., are called bases, although 
they form salts by direct addition or combination without the separa¬ 
tion of water. Thus ammonia and hydrogen chloride form ammonium 
chloride: 

NH 3 + HC1 = NH 4 C1. 

This definition is not entirely satisfactory because it depends upon 
the definition of an acid, which, as stated on page 312, is not easily 
framed unequivocally; but it works fairly well on the whole; and the 
difficulties are, to a considerable extent, overcome by the application 
of the Ionic Theory (see § 10, below). 

the term base was originally intended to express the idea that the 
metal or metal oxide was the more important constituent, the founda¬ 
tion or base, so to speak, of a salt. This idea was dropped when it was 
recognized that the acidic constituent of a salt is just as important as 
the basic constituent. 

It is necessary to avoid any confusion between the terms “alkali’' and 
base, lor they are not synonymous Most alkalis are bases but not 
every base i> an alkali. 1 he distinction between the two has already 
been referred to (page 311); what it amounts to is that the soluble bases 
are alkalis. 

I In hydroxides of sodium, lead and bismuth have a composition 
i e presen ted by the formulae: 

NaOH Pb(OH)* Bi(OH) 3 

-•nd inspection of these reveals an analogy with the formulae of acids 
'tich as hydrochloric, sulphuric and phosphoric in that the hydroxides 
•oiitaii? one. two and three hydroxyl groups respectively, whereas the 
eids have one, two and three hydrogen atoms respectively. It is 
i aturai, therefore, to inquire if salts can be formed by replacement of 
me •>! m re «.f these hydroxyl groups by acids, just as the hydrogen of 
phosphoric or sulphuric acids can be replaced one by one by bases. 
I! this so, it would be anticipated that basic salts should exist, 
corresponding to the acid salts already discussed. 
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Such salts do, in fact, exist so that there can be obtained: 

Pb(OH) 2 —lead hydroxide 
Pb(0H)N0 3 —basic lead nitrate 
Pb(NO a )j—lead nitrate, 
a scries corresponding. mMis «»«»*• 

A corresponding nomenclature is also « I ' , the nu m|,er 

rfS^ufou^aceaM^'^^h* i£S~. is — 

the acidity of the base. 

§ 10 Acids, Bases and Salts according to the Ionic Theory 
In Chapter XII it was stated that 

marked off from others in that their so other characteristic 

conducting an also as being 

properties. In Chapter J tncst * examination of com- 

what is termed electrovalent comj t j iev arc all substances 

pounds exhibiting this behav.om sho.s that^^ ^ ^ ^ 
which, apart from these charactu • es of Sl j ts So far no 

groups of substances which are cu i<( 4 .J. t o define these substance-, 

attempt has been made in the pre>ei < L-troIvtic dissociation or the 
in terms of the theory-the theory of 

Ionic Theory—which is believed to ‘ X P ‘ electrovalent substance 

According- lo the Ionic Theory.the only podtiv. 
which in solution in water >nlds n> b 
ions. This is represented by the equation . 

HA^H+A' ... ... 

Similarly, an alkali or a b OT^ne-^ivc^ons^whicInnay he <xp><-se.l 
yield hydroxyl ions as the only ik 0 . 

by the equation: BOH ** B’+ OH‘ 

A base, however, may well be given the will include 

which will combine with hydrogen o • rc presented: 

not only alkalis for which the action may be represeni 

BOll = B + OH 
OH' + H' = HjO, 

but also basic oxides such as litharge: 

PbO + 2H = 1 b + - 

and such substances as ammonia. 

jsJH 3 + H" = NH 4 

Salt, according to the 
conducting solutions in which hv U 
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ions present, and hydroxyl ions are not the only negative ions tormed. 
1 his definition is able to cover normal, acid and basic salts, e.g., 

NaCl ^ Na* -f Cl' 


NaHSO, ^ Na* + HS0 4 ' ^ Na + H* + S0 4 " 


§ 11 Oxidation and Reduction 

1 he terms oxidation and reduction have been used several times 
already, and now call for more extended treatment. 

I he conversion of an element into its oxide by direct combination 
with oxygen is the simplest case ol oxidation. For example, when 
c< ^pper is heated in air it is oxidized on the surface to copper oxide. 
Similarly, any process which will convert an element into its oxide is 
an oxidation. An analogous process may involve the combination of a 
compound already containing some oxygen with still more oxygen, as 
for example when barium oxide is heated in air to a suitable tempera¬ 
ture and thereby converted into barium dioxide (page 305). 

I his again is clearly an oxidation. Oxidation, in the simplest case, 
is thus a process which adds oxygen to an element or compound. 

I he reverse of this process, that is, the removal of oxygen from a 
compound containing it. is known as reduction. Thus, for example, 
when copper oxide is converted into copper by passing hvdrogen over 
the heated oxide, the copper oxide is said to be reduced to copper. 

I his is the original idea underlying the terms oxidation and reduction, 
and is the simplest use. 

It soon became evident, however, that the process ot removing 
hydrogen from a compound containing that element involves some¬ 
thing .closely akin t » oxidation as indicated above, and. similarly, the 
addition of hydrogen closely resembles reduction as previously under¬ 
stood. 1 he same reagents will often bring about both addition of 
oxygen and removal ot hydrogen, or vice versa, and the changes 
brought about in tin* state ol combination of an element are similar. 
Men<tin* idea ot oxidation and reduction was extender! to cover these 
cases. 

As chemistry dev» loped, it was realized that some processes which 
do not directly involve hydrogen and oxygen at all are in principle so 
< : related to oxidation and reduction, as understood when referred 

•iinply to changes in the oxygen or hvdrogen content of a compound, 
ihat tin idea has been still further extended. 

! or example, fen mis oxide, FeO, is a base which gives rise to a series 

salts called the ten >u< salts. Ferrous oxide can he oxidized, for 
example,, by the oxygen of the air, to ferric oxide, Fe.,0 3 . Ferric 
oxid. • in its turn is a base which with acids forms ferric salts. Ferrous 
and !• rri« i-.ilt- thus stand in the same relationship to each other as 
teirous and ferric oxides. Now a solution of a soluble ferrous salt, on 
exposure to air. will slowly turn to the ferric salt—clearly oxidation 
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has occurred Fo, example. te»» «U«*te |» 
lenic chloride and partly into ferric hydroxid 

12FeCl, + 8H,0 + 30, - SFeCl, + 4F.(0H)- 

Bn, ferrous chloride can be converted very simply ..to feme chloride 

by the action of chlorine *. 

2FeCl, + Cl, = 2FeCl„ 

which must be reckoned to be an„®o'ferric"chloride ifan^xidation. 
the conversion of ferrous chlori Hence the term oxidation 

But no oxygen has taken part in the process. 

must be extended to cover this P r0CC V*' s ; m i| ar ly extended. Similar 
Conversely, reduction must als0 b ‘ , co „ V ersion of mercuric 
reasoning to the above mdicates that the # process 0 f 

chloride. HgCl,. into ^^boSlby means of stannous chloride, 
reduction. This can be brought aboutb> . . 

for example, without the intervention of h>dro e c. 

2HgCl, + SnCl, = Hg.Cl, + ^nCl, 

This last example iUustratcs, oiu^i er^ rcattl „ n . 'but the 

chloride is reduced to mcrcu * . . - result is brought about is 

stannous chloride by means of lu • ^ wQrd . it haS been oxidized. 

changed into stannic chloride , , lfC reciprocal processes; om 

oxidation and na¬ 
tion To^ to" include"aU these ^"compounS 

is applied to any process which, ion with oxygen to a substance 
representing a lower stage of S binat j 0 n with, oxygen, by ‘he addi- 
equivalcnt to a higher stage o . alom 0 r radical, or by tl 

tion of oxygen or of an ele £™ ® j t j ve atom or radical. Reduction 

removal of hydrogen or an electropositive 

is the converse of oxidation. , lV id*ition and reduction art? seen <> 
In terms of the Ionic ’ heory ox d.d.on a , hus thec.m- 

involve merely the transference ., r ide written in terms of 101 s 

version of ferrous chloride into ferric chloric 

becomes: .. n = ope” + r » cl 

2FC + ' _*to both sides of this equation: 

or eliminating the terms comm } ^ t 

21V + ( *2 - 21 c “ • t harge (or electron) 

That is to say, the ferrous ionJosc^onj* ^ ^ tliechlorinc molecule 
and thus becomes a ferric ion, f 

gains one negative charge (or eec )- represented m trims 

The reduction of mercuric chloride 
ions by the equation: .. . c n —* 

2Hu" -I- Sn' - = Ng, + 
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Reduction is thus a matter of making smaller the number of positive 
charges on an ion, and oxidation of increasing them. 

An oxidizing agent is a substance which can bring about oxidation 
as defined above, and a reducing agent conversely. 

Among the available oxidizing agents are: oxygen, ozone, the 
peroxides, and the higher oxides as well as the unstable basic oxides of 
silver, gold, etc.; the oxy-acids (nitric, nitrous, chromic, chloric, and 
the other oxy-acids of the halogens) and their salts; the halogens 
(chlorine, bromine, iodine); permanganic acid and its salts; potassium 
ferricyanide, etc. 

Among the available reducing agents or deoxidizers are: hydrogen, 
unstable hydrides (hydrogen sulphide, hydrogen iodide, phosphine, 
arsine, stibine, etc.); carbon, carbon monoxide, sulphur dioxide, and 
the sulphites; phosphorous acid and the phosphites; hypophosphorous 
acid and the hypophosphites; potassium cyanide; potassium formate; 
ferrous, stannous, and chromous salts; the metals sodium, potassium, 
magnesium, aluminium, etc. 


§ 12 Ozone 

Historical 

Van Marum observed the peculiar smell (now known to be that of 
ozone) when an electrical discharge takes place in air; and this was 
attributed to a new gas, and given the name ozone (from the Greek 
o£a>. ozo, I smell) by Schonbein in 1840. 

Formation 

Ozone is produced by the action of the ultra-violet rays and radium 
t.idiations on oxygen. It is said to be formed by the violent mechanical 
disturbance of air as when grinding wheels are being tested for bursting 
>p< ed . but the effect may here be due to the electrification of the air. 
Ozon»* ran generally be detected in the oxygen gas obtained during 
tin- rlectiolvsis of acidulated water. By the electrolysis of sulphuric 
id (hrtween 1-075 and 1*1 specific gravity), with an anode made by 
« min filing platinum foil in glass and grinding away the edge so that a 
an d platinum, 0*1 mm. broad, is exposed, oxygen containing 17 to 
p* r »'-nt. of ozone has been obtained. The yield increases with 
.* :« i-itiL current density. 

'ti- oxygen liberated by many reactions also contains ozone. For 
a .«• , manganese dioxide and sulphuric acid; barium dioxide and 
< l ard; acid; potassium permanganate and sulphuric acid, per¬ 
il. :uni* arid, per>ulphatos, etc. Purified potassium chlorate gives 
; • a free from ozone, but if traces of some indifferent substances be 
nt. ozone may be formed. When fluorine decomposes water 
I’miug hydrogen fluoride and oxygen, from 13 to 14 per cent, of the 
• wgeii gas ” is ozone. 

O/.oiie is formed during the slow oxidation of many substances. 
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Ozone can be detected in the atmosphere of a flask containing a couple 

*g£Hl£ -» -“'S'fedTK 

carbons, coal tar. and many essent.al oils arc ox d zed. J.JK. bocKe 

thinks that the effect is due to the formation off mt g 

is said to be formed during the combustion of ether as well as aunng 

the combustion of hydrogen compounds genera > . dew 1S saiti 

The formation of ozone by the evaporation o water or 

to account for the bleaching of linen 5 P rea ‘ , , t] act j 0 n ol solar 
Much atmospheric ozone seems Ozone is 

ultra-violet light in the upper region. d n the Alps at an 

here present in relatively ^ater propo * of OZO ne per million 
altitude of 20 kilometres the a r « n * elreSt half this proportion, 
(volumes); and at an altitude - , ro( i uce ozone. Homer 

Electrical discharges in the atmospl e _«u; c k attc nded the " thunder- 
in several passages referred to the odour which attuiota 

bolts " or flashes of lightning. 

Preparation of Ozone %#ir - 

The most usual method of making ozo"^ « n «^° oX J^, 0 a 

ozonized air and ozonized o\\g< n .lumber of instruments are 

silent discharge of electricity ^ one dcv.sed by 

available. That illustrated in 1-ig. IW * viriUdl 



, , ol two tonrentrir tubes, lhe 
W. von Siemens (1858). It con * * 0 . v jt|, tinfoil in metallic contact 

inner tube is coated on its inner sl ‘ . : s coa tetl oil it'' outer surface 
with the terminal A ; and the mi j tL . rm i„al I*. The two terminals 

with tinfoil in metallic contact wi s |, jW stream of dry oxygen 

are connected with an indu< ti<»n < • . con centric tubes, and is 

is led through the annular space e 
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there exposed to the action of a silent discharge of electricity. The 
gas issuing from the ozonizer is charged with 3 to 8 per cent, of ozone. 
In Brodies or Bert helot's ozone tube the tinfoil coatings are replaced by 
sulphuric acid (Fig. 18.3). If air be used in place of oxygen, some 
nitrogen oxides are said to be formed at the same time. The presence 
of moisture reduces the yield of ozone, * although no difference has been 
detected in the amount of decomposition of the dry and moist gas when 
heated for some time at 100°. 

When required to be produced commercially, ozone is also obtained 
by means of a silent discharge, but a modified type of apparatus is 
employed such as that shown in Fig. 18.4. 



Fig 18 . 4 .—Commercial Ozonizer 
(By iout/t sv of 0:oiiai» Ltd.) 


§ 13 Properties of Ozone 

Ozonized air has a strong unpleasant smell. The smell reminds 
some people ot sulphur dioxide, others of garlic, and others of chlorine, 
h aii highly charged with ozone be breathed for any length of time, it 
pi du headache; but in minute quantities the odour is pleasing 
and »« ln diing. Ozone is slightly soluble in water—100 volumes of 
w 11 < i at ordinary temperatures and pressure dissolve about one volume 
of o/om* and the water smells of the ozone and exhibits many of the 
properties of ozone. The water slowly reacts with the ozone. 

Ozone is dissolved by essential oils such as turpentine, cinnamon oil, 

• Ozone is decomposed l»v cork and indiarubber. In consequence, these 
materials should not be used tor any part of the ozonizer in contact with the gas. 
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etc. This is because these oils contain wh a | " 1 ( a n ™ C | eculps of these 
known as unsaturated compoun . ca ' rbon at oms united by a 

compounds contain one or moreP ( addition products 

“double bond.” Such compounds readii> 

with bromine or with ozone. neutral potassium 

Unlike oxygen, ozone liberates .od c o( potassium 

iodide. This can be sho«m bv dipping paP { ^ o/<>ni/er j he , )ap er 
iodide and holding it at the c. ■ i im . if a little starch be 

turns brown owing to the libera w ;n a ppear blue. The 

mixed with the potassium iodide, the paper I 

reaction is usually represented. >rnn 

o. + *KI + H =° - °- + '■ + * O^Jaiiic matter—cork. 
Ozone is a very powerful oxidi/m* ^ paper coloured by a 
rubber, etc.—is rapidly corro e • * ^ litmus is bleached. If a 

solution of indigo sulphate or a * an< j ozonized air passed 

globule of mercury is placed in a . ^ the walls o( the 

in, the mercury loses its lustre am *1 to •• tail." The globule of 

flask. Ozone is said to cause menu V p with wa ter If a piece 
mercury is restored when the " healed in a bunsen burner 

of silver foil, cleaned with silver ^ * a ^reain of ozonized .air, 

for a moment, and while still t |„. formation of silver 

the silver is blackened, owing, ^ ‘ ’ OX irle does not show the 

peroxide. Silver perfectly free t h,. metal be contaminated 

reaction at ordinary temperatures cobalt, nickel, etc., which 

with some substance like oxuu* ° ‘ oxide 1 ^ supposed to Ik* formed 
acts as a catalytic agent. A tr : l< < burner. I he reaction ischarac- 
when the silver is heated in the > * ns j t j vc> Ozone converts dark 

teristic of ozone, but it » no ^hite coloured lead sulphate : 

brown coloured lead sulphide into v ime 

PbS I- 40 j = PbSO, 4- 4U 2 . 

Many other sulplndes^cop ami 

LjSc STX«£S£ Manganous sulphate used as an mvisib.,. 

ink is browned by exposure to ozom. fi|ip , v ( |, V i<lcd platinum, lead 

Ozone decomposes in the P rt ^ * co .>per oxides, lhc ozone is 

dioxide, manganese dioxide, m * N *.j t bout decomposing the oxides. 

converted into ordinary oX M?\ nif catalytic reactions. 

Hence the reactions arc groupe< * w j t h sodium peroxide, the t\\<* 

When ozone is brought H‘ to c ° j xvucl , is liberated: 
substances mutually decompose ami o. 

, q | 1*1.0 = 2NaOit t 

0-m-m. t £« 

uswsssss J*—— .. " 

unstable. 

M 
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By passing ozonized oxygen through a tube cooled by immersion 
in boiling liquid oxygen, a solution of ozone in liquid oxygen is obtained. 
By reducing the pressure the liquid boils and separates finally into two 
layers: an upper deep blue one, which is a solution of ozone in liquid 
oxygen, and a lower violet one, which is oxygen dissolved in liquid 
ozone. I f the oxygen be pumped off the ozone-rich layer and the residue 
fractionally distilled, very dark blue pure liquid ozone is obtained from 
which, by careful evaporation, pure gaseous ozone results (Riesenfeld 
and Schwab, 1922). The liquid is said to be explosive. 

§ 14 Formula and Structure of Ozone 

The determination ot the formula of ozone presented many difficul¬ 
ties, so long as pure ozone could not be obtained. 

The question whether ozone is elementary in nature or not caused 
considerable controversy, and for some time it was uncertain whether 
it should be regarded as an allotropic form of oxygen or as an “ oxidized ” 
form of water. It was proved in 1860, by Andrews and Tait, that ozone 
is a condensed form of oxygen. This they did by exposing pure, dry 
oxygen to a silent discharge in a sealed tube, attached to a manometer, 
when a contraction in volume was observed. On heating the ozonized 
oxygen so formed, expansion to the original volume took place. 
Further, when a small sealed tube containing potassium iodide was 
placed in the larger tube of oxygen and broken after a silent discharge 
iiad been passed and a contraction in volume had occurred, iodine was 
liberated without change of volume. The residual gas, on heating, 
now showed no increase in volume. Hence, ozone is a form of oxygen. 
This conclusion was also confirmed by Soret in 1863. He took thoroughly 
dried ozone, decomposed it by heating, and showed that no trace of 
any compound of hydrogen (such as water) could be detected. 

These i‘xperiment* served to show that ozone contains only oxygen, 
but do not indicate how many atoms there are in a molecule of ozone. 

I his was first demonstrated by Soret in 1866. 

He took advantage of the fact that essential oils absorb ozone 
without decomposition. He confined similar samples of ozonized 
oxygen m 2.*>o c.c. flasks over water. In one the ozone was absorbed 
bv means of turpentine, while the other flask was heated, thus decom¬ 
piling tin ozone. The mean of his experiments gave a contraction 
of 6-26 c :. in the first flask and an expansion of 3-26 c.c. in the second 
' .; pi' \:matelv half the former figure). Hence he inferred that three 
' el nines of oxygen produce two volumes of ozone. 

Now it the* formula of ozone is On we have, when it is decomposed: 

20 „ = « 0 2 , 

that is to say. according to Avogadro’s hypothesis, 2 volumes of 
ozone arc formed from >/ volumes of oxygen. Soret’s experiment 
showed that 3 volumes of oxygen produce 2 volumes of ozone. There¬ 
fore, ft 3 and the formula for ozone is 0 3 . 



18] 


OXYGEN 


323 


Tube of 
Turpentine 



Ground Glass 
Joint 


Soret's work was rather crude, but B. Brodie (1872) repeated the 

out by Soret (1808) and oy enusiuu > determined the vapour 

density o 2 f 6 pure Ur ozone bToumas's method, and found it to be 24, 

corresponding to the formula 0 3 . 

The constitution of ozone may oe 
demonstrated in the laboratory by means 

of Newth’s apparatus (Fig. 18.5). It con¬ 
sists of two concentric tubes united by a 
ground glass joint. I he inner tu e con 
tains dilute sulphunc acid and has two 

small projections fused on to it. • s 

projection is fused on to the ou er 
in such a way that a small sealed thin 
glass tube containing turpentine can be 
held between the projection and later 
broken by twisting the inner u e - : 
platinum wire dips into the sulj huric 
acid and the apparatus is immersed in a 
cylinder of dilute sulphuric acid (not show 
in the diagram) into which 1S , inse ^ ' 
another platinum wire. I he annu!ar spac 

between the tubes is filled with dry o> get sub j ccted (or a short 

and the manometer is levelled. , connecting the platinum wires to 
time to a silent electric discharg; j by t j ie formation of ozone 

an induction coil and the co J?‘™ u tube 0 f turpentine is now broken 
read from the manometer, ttic * f contraction noted. Within 

by twisting the inner V'^^^the s cond contraction is twice the first, 
the limits of experimental error tin. sccon 

leading to the formula 0 3 . 

Ozone was formerly thought to have a cyclic structure: 

o 

lint It consists ol a resonance hybri.l 
but recently |I« 4 S| it has , " ,n . > "|;^t’ rllc , u ,es 

between lour non-linear open c . ^ o (J -► O o<— (J<— O . 


Su/phunr 

Acid 

Monometer 


Fic. 18.5. 
Newth s Apparatus 


O = 0-^0 


o<- O 


s 15 Detection and Determination of Ozone 

The detection of ozone is co-P^^^t^^i^Sg 
most obvious of its reactions are similar to 

agents. 
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Ozone may be detected by its action on mercury, or by its action on 
clean silver foil, which is blackened by ozone. It liberates iodine from 
potassium iodide in common with many other oxidizing agents, but 
may be distinguished from others, except hydrogen peroxide, in that 
it will not liberate iodine after passage through a hot tube. 

The real difficulty arises in distinguishing ozone from hydrogen 
peroxide. This may be done by means of potassium permanganate 
solution which is decolorized by hydrogen peroxide but not by ozone. 
Alternatively, C. Arnold and C. Mentzel (1002) propose the use of 
test-papers soaked in an alcoholic solution of “ tetramethyl base." 
These are not affected by hydrogen peroxide, but are turned violet 
with ozone; blue with chlorine and bromine; and bright yellow with 
nitric oxide. C. Engler and W. Wild (1800) state that if a mixture of 
ozone and hydrogen peroxide be passed through a concentrated solution 
of chromic acid, the hydrogen peroxide is alone decomposed, the ozone 
is not affected. The same investigators say that paper steeped in a 
concentrated aqueous solution of manganous chloride is turned brown 
by ozone, but not by hydrogen peroxide. 

Some reactions of ozone, hydrogen peroxide, chlorine, and nitrogen 
peroxide arc compared in Tabie XXVII. 


Table XXVII.— Distinguishing Tests for Ozone and Hydrogen Peroxide 


Reagent 

Ozone 

Hydrogen 

peroxide 

Chlorine 

Nitrogen 

peroxide 

KI and starch . 

Blue 

Blue 

Blue 

Blue 

Clean silver foil 

Blackened 

Nil 

White film 

No change 

Mcrcurv head . 

Trail on glass 

Nil 

White 

No change 

CrO, and ether 

Nil 

Blue 

Nil 

Nil 

Titanic acid 

Nil 

Yellow 

Nil 

Nil 

Tetramethyl base 

Violet 

Nil 

Blue 

Yellow to 
brown 

Benzidine 

Brown 

No change 

Red 

Blue 


The method used for the determination of ozone in air, etc., is based 
upon the reaction symbolized on page 321. A known volume of air is 
drawn through a neutral solution of potassium iodide, and the liberated 
iodine is determined by acidifying the solution, and titrating the 
liberated iodine with a standard solution of sodium thiosulphate, as 
will be indicated later (page 532). The standard method for estimating 
ozone in, say. the atmosphere is to expose ozone test papers* for a 
definite time to the air and compare the resulting tint with a standard 
scale of colours obtained with air containing known quantities of ozone. 
Since othei oxidizing substances likely to be present in air produce a 
similar reaction, it is a moot question whether the large number of 
" ozone determinations " which have been made really represent ozone, 

• Papers steeped in an emulsion oi starch containing a small proportion of 
potassium iodide arc called ozone test papers. 
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or hydrogen peroxide, nitrogen oxides, chM thC 

result of the test represent the presence of oxidizing substance . 

§ 16 Uses of Ozone 

Ozone is used fo, the £»*»«» w.Win 
rather expensive. Us function ventilation, e.g., in 

sterilize the water °*H^n^oxu£iTS i” the manufacture of 

ib.eachn, E <■» »- - 

certain other materials. 


CHAPTER 19 


CARBON 

Modern civilization is the daughter ol coal, lor coal is to-day the greatest 
source of energy and wealth.—G Gamacian (1913). 

The manufacture ol coal gas lor purposes of illumination is one ol the most 
striking instances of science enlisted in the divine cause of civilization Once a 
luxury or convenience it is now almost a necessity.—A non. 

§ 1 Unique Character ol Carbon 

Carbon is an element which is characterized by the enormous numbei 
of compounds which it is able to form; the number of known carbon 
compounds is already far in excess of the number of known compounds 
of all the other elements taken together, and there are no signs as vet 
of any limit being reached. This fact has resulted in the study of 
the compounds of this element being made into a separate branch of 
chemistry known as Organic Chemistry, which is thus, strictly speaking, 
the chemistv of the compounds of carbon. 

At the same time, the properties of the element itself, and ol a few 
of its compounds which are most closely related to those of the other 
elements, are properly included in any scheme of Inorganic Chemistry 
also. 

The enormous number and variety ol carbon compounds are the 
outcome of the fact that carbon atoms can form remarkably strong 
chemical linkages with each other. Thus whereas chains of atoms of 
other elements- for example, of sulphur—are usually very unstable, 
chains ol carbon atoms of great length and complexity are perfectly 
stable. In addition, carbon also forms stable linkages with a great 
many other elements, and in particular with hydrogen, nitrogen, oxy¬ 
gen, sulphur and the halogens, and so it follows that an enormous 
variety of stab!< compounds is possible. 


$ 2 Allotropy and Varieties of Carbon 

Carbon exists in more than one lorrn. that is to say, it exhibits 
uiutropy Until recently, it has been usual to distinguish three allo- 
iropic forms, but it is now believed that there may be two only, viz., 
diamond and graphite. The third so-called form, amorphous carbon, 
is held to include the different varieties of vegetable and animal 
charcoals—lampblack, charcoal, soot gas carbon, and coal. These 
are more or less impure forms of carbon. 

Modern work has shown that these varieties probably do not differ 
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from graphite except in P urity ' P°^ 

the actual particles, txam.nat.on by X-ra\ metnoas t m 

all these materials are composed of aggregates o| 
material; these microcrystalline particles ha,ing erties 0 f 

arrangement of carbon atoms as grap j e ™ m P those oMi.lond or 

v ,o«, «***, -sr-asrss s 5&z 


11I1|'U1 III ’—1 \--n » * . , 

“.tse KSirrz. s, 

ss$l ssl. rMff' chareMl 

and bone or animal charcoal), coal, coke and gab carbon. 


§ 3 Lampblack and Charcoal 

Lampblack k made by taming sub siancm Ml to igg 

supply of air so that the maximum amount of -moke ^ 

for example, turpentine, petroleu ■ b i an kcts " are suspended. 

passed into large chambers in w Lampblack is also made from 

The " soot ” collects on the biankcts. Lampmac 

natural gas. . , ^ rMl _ ,, n( i ; s conveyed by elaborate 

The lampblack « a l>s'"‘ oa f W pow( | or . sifted, and weighed into 
machinery to be ground to t 1 printer’s ink. stove and shoe 

sacks. Lampblack is usedi for 1 ^ jJ? in which a black pigment 

polish, pamts. and in fact neu > . employed as a filler in the 

or colouring matter is required. It is also cm, 

manufacture of rubber tvres. varieties of amorphous carbon. The 

Lampblack isone:o[the■£.«L4 per cent, of 
analysis of a sample ol ac< t> 

hydrogen and P cr r< nt * V ‘ ‘ can , x . removed by heating in 

Most of the hydrocarbon impurit.es can 

a current of chlorine. 

Charcoal . charcoal—wood and bone. Wood 

There are two main varieties > * ^ supply of air in a 

charcoal is made by b *J™ n ^{- ng wood in closed vessels so that air 
charcoal pit or kiln ; or by beating 

is excluded. .r .tion is as follows: Small logs or 

In outline the industrial P P‘ vertical heaps and covered with 
billets of wood are loosely , ikd int f ajr * rhcrc are several 

sods and turf to prevent the Irco ac 
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systems of piling the sticks—one is illustrated in Fig. 19.1. A “ shaft ” 
is left in the middle of the pile to act as a central chimney or flue; and 
smaller holes are left round the bottom to admit the air. The pile so 
prepared is called a “ charcoal pit ” or a Mfiler (German). The wood is 
lighted by brushwood at the centre, and just sufficient air to allow 
the wood to smoulder is passed through the pile. The volatile matter 
escapes, and in about fifteen days the fire dies out. Between 80 and 
IK) per cent, of the weight of the wood, on the average, is lost by 
combustion, and the remaining 10 to 20 per cent, is wood charcoal. 



The 1 imfi, 


l i». lif.l.- .Mcilrr in tour*** • »t Construction 


Nunc v..liable gaseous and liquid products are lost in making pit 
! uvoal. It; modem processes, the wood is heated in ovens, kilns, 
•t ivtoit> -t-alfd from the outside air. The operation may be con- 
u t'd simply l«»r charcoal without recovering the by-products, or 
sle fiation mav be conducted somewhat similarly to the process 
ii't j :■ i »he manufacture of coal gas. The products of the dry distilla- 
■ ! win»d include: solid charcoal in the retort; liquids—wood tar 
s 7*» t wi.'/m; Un from pine wood); water containing wood spirit; 
-nenis uuetn) juJ: acetone and fatty oils; and gaseous wood 
out.lining hydrogen, carbon dioxide, carbon monoxide, methane, 
acetylene, etc. 
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Bone or Animal Charcoal 

This is made by heating bones, blood, etc., in closed retorts The 
bones may or may not have been subjected to a prehmn ur> extract'on 
with naphtha or benzene to remove the fat^egrease. bones o u.th 
superheated steam or water to remove gelatine (glue) VhrVrcoU 

the^arbon^s'veo^^cly'divided^Vdtsseminated throu^ a J)orous 

mass of about 80 per cent, of calcium and magnesium phosphates unci 
r temsTo have° specially valuable qualities. Horn. furnish WJnJ 
-sometimes called ivory black-the term norv b a * 
to the product obtained by digesting 

to remove the calcium phosphates. ni ; vurv 

For the uses of bone black and animal charcoa.seb lsor> 

black is used as a pigment; e.g.. in the manufacture of blacking. 

§4 Properties of Amorphous Carbon 

Charcoal is a black porous substance enSed 

gravity, due to the presence of a considerable volume ot air entangle 

in the pores. 

On accour 
in proportion 

surface effects to a high de 8 r ^- 1 ''‘ , < r‘jri ,'rge surface area charcoal 
upon their surfaces, and on account ot its large 

can take up large quantities oFmany tion nH . an j n g that the 

The phenomenon is sometimes . t> ,i„. charcoal One volume 

gas adheres in some way to the surface of; tl«. charcoal.^ 

of coconut charcoal adsorbs (Hunter) at 11 


account of its porosity charcoal pw^sses ^[^n-^known as 

TS£ £ :iS 


B.p. of gas 


- 33 - 5 " 

- 104 

. 78*6® 

- 11)2° 
183 ° 
195 - 8 ° 
252 - 7 ° 
•jmr 

- 181'.° 


Vote, at 
0 ° 

171 
75 
68 

21 
18 
15 
17 
2 
12 


Volts, at 
- 185 ° 


190 
230 
155 
185 

15 

175 


Ammonia . 

Ethylene . 

Carbon dioxide 
Carbon monoxide 
Oxygen 
Nitrogen . 

Hydrogen . 

Helium 

_ iw-itim' hut when cooleil in liquid air 
The gases arc evolved again or b. , greater. Thus a piece 

the amount of gas adsorbed bccorms > vo j unK . 0 ( oxygen at 

of charcoal which will adsorb eig «< volume at the 

0" C.. will adsorb two hundred and thirty turns 

temperature of liquid air (- lbo 

M* 
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This property affords a means of producing high vacua, and also 
of separating gases which are not readily adsorbed (helium, neon, 
page 553) from those which are readily adsorbed (air, etc.). 

It appears that the gases which are adsorbed in greatest quantity 
by the charcoal are approximately those most easily condensed to the 
liquid state; and it has been suggested that the gases are liquefied 
on the surface of the charcoal. In any case, the “ condensed ” gas is 
usually more chemically active than the gas in the ordinary condition. 

This enhanced activity is specially noticeable in charcoal (called 
activated or active charcoal) which has been heated in the absence of 
air and in presence of a little steam or oxygen. For instance, active 
charcoal will bring about the combination of dry hydrogen and dry 
chlorine at ordinary temperatures and in absence of light. 

Charcoal also adsorbs solids and liquids in a similar way. A solution 
of litmus passes through filter paper without any noticeable change 
in the colour of the solution ; but if the solution be filtered through 
charcoal, or if some recently ignited animal charcoal—say 10-20 grams 
—be boiled for a short time with 50 c.c. of litmus solution and filtered, 
the filtrate is colourless. 

Advantage is taken of this property of animal charcoal or bone black 
to remove the colouring matter from many products manufactured 
industrially; e.g., coloured solutions of brown sugar are “ bleached " 
on boiling with animal charcoal. The charcoal removes the brown 
resinous colouring matter, and the evaporated syrup furnishes white 
sugar; glycerine, which is brown when crude, is decolourized similarly; 
fusel oil can be removed from whisky by filtration through animal 
charcoal before the whisky is rectified. Charcoal filters are used for 
removing organic matter, etc., from drinking water. 

Charcoal i>. chemically, the most reactive of the forms of carbon, 
again probablv on account of its large surface. It burns readily in 
excess «»f air or oxygen to carbon dioxide: 

C 4- O, = CO.., 

but >om«‘ ear bon monoxide is also formed if the supply of air or oxygtm 

is rotri' ted. 

Charcoal reacts with many oxidizing agents as, for example, concen- 
t rat'd nit tic acid and concentrated sulphuric acid, the reactions being 
represented by the equations: 

C -i IHN0 3 - 211..0 4- 4X0, + C0 2 

C -f 2H 2 S0 4 - CO, 4- 2H 2 0 4- -’SO.. 

i hose are, of course, examples of the power of charcoal to act as a 
reducing agent, due to its great “affinity" for oxygen. Hence, 
in metallurgical industries, carbon is often used as a reducing agent 
of. manufacture of iron, page S3S; zinc, page *570; tin, page 728, 
and load, page 73b. etc.). When a mixture of carbon with the oxide of 
oik* of those metals (litharge, for example) is heated in a crucible, 
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either carbon monoxide or carbon dioxide is evolved and the metal 

remains behind: „ 

PbO + C = Pb + CO 

2PbO -f C = 2Pb + C0 2 . 


§ 5 Coal 

Coal is a complex carbonaceous material. from 

decompositions which have taken place ui a ' . • ( j tbc 

High pressure also is believed to have played an important part in the 

^Geologists have potent reasons for believing ‘^‘ coa' is of vegetable 

origin. The softer varieties of coal are ol ten changed 

their vegetable origin is easily seen. I ossi I * * , ow c | ear |y "the 

and photographs of “^"t^some'ol the harder varieties, the 

vegetable character of the coal. "> ■ logv and comparison 

vegetable origin can only be scries ranging 

with varieties less modified. 1 » Kri 1 * » mav k c graphite, 

between peat at one end. and the ant c ‘ ic ‘ k o U t certain members 
at the other. It is convenient h t. M ( > niti , bituminous. and 
of the series as types. We thus obta > . , , jnes between these 

anthracite coals. There are no h ‘ , ‘ h r l)V insensible gradations, 

different types; the one merges into ^ I s £ be some- 

The chemistry of the process of coal formation appear 

what as follows*. . , t ho air it oxidizes and decays 

When vegetable tissue is to ■ ^ oxidation diffuse 

comparatively quickly; the fu- "lindal constituents remain behind, 
into the atmosphere ; and the mini mi con. u a - whiU . 

If the oxidation takes P la £ p ' K( . <s of decomposition is rather 

submerged in a swamp or bog. 1 rar l )0 „ dioxide, and some 

different. Some of the carbon is oxid.z. I <. ■ r > , ransforme d 

of the hydrogen is oxidized to water, a ilKIV asing projiortion 

into methane— marsh gas—tic. " • , j the organic matter 

of carbon remains behind. Hie total k | , , n f ' aU ,. r _ a sh- 

decreases ; and. although the total am . mt of m.nera. 

remains constant, the percental ( metamorphosis are 

While it is probable that the earls tag.s SIlpl> ^ o( air . it 

brought about by bacteria and <> • sl „ K riiicumbcnt deposits of 

is also probable that the pressure of H- J ( m U>d fi> r 

sand, mud, etc., extending r!^n"I^idc. methane, 

the later transformations, m h* ■ < t j K . process of con- 

watet. etc.—formed during the ; ' wh en the air is 

version of vegetable tissue to coa . ‘ , in ( |, c coa i to be released 

shut off, methane, etc., may be m p ^ = rc-licvod during the mining 

us • firedamp ” page »4.. « been laUU under 

of the coal. In some cases, the coal app< 
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pressure. The nature of the final product, as now mined, must depend 
on the character of the original deposits and on the particular conditions 
which prevailed at the different stages of the process of transformation. 
The vegetable matter may have been deposited in fresh or saltwater, 
in lakes, lagoons, seas; in marine swamps; etc. The original vege¬ 
table tissue may have been algae deposits in sargasso seas, peat bogs, 
vegetable accumulations on the soil in luxuriant forests, delta and drift 
deposits, etc. The pressure may have been comparatively small, 
extended over a long period of time, and applied comparatively early 
in the process of transformation; the pressure may have been very 
great and applied late in the process of conversion. An " old ” coal 
geologically might be “ young " chemically, and conversely. Geologists 
can sometimes form a good idea of what has happened ; in other cases, 
they confess complete ignorance. 

Coals of many different types can thus be distinguished; the 
following are the principal ones: 

Lignite or Brown Coal is intermediate in type between peat and 
coal proper. It contains much moisture, and although it ignites 
easily, its calorific power is low. It usually disintegrates on exposure 
to the air. Extensive deposits of lignite exist on the Continent and in 
the U.S.A., but not in England. 

Cannel Coal, although resembling bituminous coal in many ways, 
appears to have been formed differently. Some specimens yield 
fragments which ignite so readily that they burn like a candle (hence 
the name). ( anncl coal is used almost exclusively for gas-making 
(see page 349). 

Bituminous Coal is the commonest variety. It is black, hard and 
brittle and gives off large quantities of gas when heated (cf. §15, 
page 34N). 

Anthracite is very hard, dense, black and brittle and exhibits little 
or no trace of vegetable origin in its structure. It ignites with difficulty 
but its calorific power is very high. 

1 able XXV III gives averages from a number of published analyses 
of dillerent varieties of coal. 


Table XXVIII. —Average Composition of Different Types of Coal. etc. 



Ash 

Fixed 

carbon 

Volatile 

matter 

Moisture 

Wood 

1-5 

25*0 

53 5 

200 

lVat 

1-2 

20-2 

51*5 

18*1 

Lignite . 

80 

43*1 

42*7 

0*2 

C annel coal 

1*5-5 

30-50 

50-70 

3 0 

Hit ini: mous coal 

0-3 

03 5 

29*2 

4 0 

Anthracite . . 

6*4 

86*5 

01 

20 


( oal was formerly regarded as a variety of carbon, but it is now 
known that it contains only a small proportion of uncombined carbon 
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This is shown to be the case since a considerable proportion of coal is 
soluble in pyridine (pure carbon being quite insoluble), and also sinct 
a large proportion of volatile matter is driven off on heating, comprising 
a large variety of carbon compounds. 

§ 6 Coke 

Coke is the more important solid product of the action of heat upon 

IbSc™; ir P Th, Wh.lt »bi«. »( “-““iEr 
coal is discussed in §§ 15-17, pages 348-3oH. and so the manufacturing 

iKtJ fl g'r maiw 
comparative freedom from sulphur and cer a 

it more suitable than coal. f , . . n w j lic h 

Th, properties of coke depend up.,, ' h ',Z Sn 

it is obtained, and upon the " a > } \ brilt i 0 i gn ites with ditViculty. 
varieties arc soft coke —porous, black, • b , . ,,_ cv j n colour, 

and is used for smiths’ forges, etc. ; nir< ‘ bcars Kroa t pressure 

bright lustre, compact metallic { metallurgical operations 

without crushing, used for furnace work ana b 

generally. 

§ 7 Graphite 

Prior to 1779, molybdenum su ’l’’a..c 1> In*‘‘tl.at' ^<*ar°K“ \V 1 
together and thought to be the sai c || c i •• ac jd " when 

Schecle showed that the former mm** j 1 ‘ ^ j. xi j whereas the 

burnt in air (see page HIT) and M uite dilferent. 

behaviour of graphite in these u $ulplli<lcs 0 f many other 

There was also confusion with th ‘ , , . phis is still reflected 

elements such as antimony, manganese. * ■ j f or graphite, 

in the use of names such as plumbago .nnl ^k had kj 

Graphite was for a time believed t > b ^ bIasl (urna ces. and 
noticed that it is deposited irorn nX idc of iron when burned, 

native graphite usually leaves a resi p, M >(lie in 1855 prepared 

This idea was not altogether given u l allotropic form of 

pure graphite, after which it was rccogn./ed as I 

carbon. „arts ol the world. Large 

Graphite is widely distributed in li* IncJia Kastern Siberia. 

deposits occur in Ceylon and otl_ l j| orav ia ( Binerola (Italy). 
United States, Canada, Bavaria, deposits at Borrowdale in 

etc., and formerly there were exUn v^ Gra ,, hite also 

Cumberland, but the mines there arc now . 

occurs in the form of fine crystals mna^ subjecting amorphous 
Graphite is manufactured art . l ^ * s 0 f t | w . electric furnace, 
carbon to a very high temperature by means 
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This is carried out at Niagara and the process can be understood from 
the diagram, Fig. 19.2. 



Fig. 19.2.—Graphite Furnace 

A rectangular firebrick furnace is packed with a ground-up mixture 
of petroleum coke with coal tar or molasses, and silica or iron oxide, 
moulded to any desired shape. Carbon rods lead a current through 
the mass, which is thus heated to a very high temperature for a period 
of twenty-four to thirty hours. It is thought that silicon carbide 
(carborundum) is first formed and then decomposed, the temperature 
being high enough to volatilize off the silicon : 

Si0 2 -f 3C = SiC -f 2CO 

SiC = Si -f- C (graphite). 

Graphite is a dark grey substance with a well-known and charac¬ 
teristic greasy feel; it has a lustre somewhat resembling that of a 
metal. It crystallizes in hexagonal plates, but as usually found it has 
a structure similar to that of mica, composed of a series of easily 
separated sheets. 

Graphite varies in specific gravity from 2 to 3. Hard graphite and 
soft diamonds have nearly the same specific gravity. 

Chemically graphite is rather inactive, though not to the same 
extent as the diamond $ S). 

Graphite when heated in oxygen burns to carbon dioxide, but it 
undergoes no change when heated in the absence of air or oxygen. 
It is rather difficult to ignite. 

Pun* graphite i> not attacked by heating it in a current of chlorine; 
nor by fusion with potassium or sodium hydroxide; some varieties 
are attacked by fused nitre. Chromic acid or a mixture of sulphuric 
acid and potassium dichromate oxidize it to carbon dioxide. Neither 
dilute nitric nor dilute sulphuric acid attacks graphite, although some 
varieties swell up into worm-like structures—sometimes 12 cm. long 

when the finely granulated (not powdered) graphite is moistened with 
nitric acid specific gravity 1*52-1*54) in a platinum dish, and then 
heated. W. I.u/i (IS91) calls those varieties which are indifferent to 
the nitric acid treatment, graphitites; and those which swell up, 
graphites. It is generally believed that the phenomenon is a physical 
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effect due to the absorption of acid in the capillary P ore f. and fl s “ b n s r e ; 
quent expansion through the development of gas under the influenc 

0f Th a e action of nitric acid on graphite is charactcristie a>nd dfetin- 
guishes graphite from amorphous carbon, c\en th°ug 
Ss^graphite differ 

powdered graphite is intimately n, ' x ' ' t L. c a liquid mass, 

chlorate and sufficient concentrated m tnc «gI*® solid residue is 

After heating three or four days on a «ater bath t ^ 

washed with water, and dried, lhc trea m< occurs. Finally, 

is repeated four or five times until no ur « J £ rm o( t | u . original 
a yellow substance is obtained which ct . () The corn- 

graphite. It is called graphitic acid (B. not attack ed 

position of graphitic acid is not quite* tkar. . mass so lublc in 
by the treatment and ordinary charcoal gives a brown mass 

"Graphite when rubbed on paper leaves a black ,n “T h J r ,! !rc- 

term graphite-from <*«£^ lh e natural graphite is 

used for making lead penal*. I 1 movc the grit. The purified 

purified by grinding and ,. laV an(t forced by hydraulic 

graphite is mixed with a littu Nsab , j t : s t | u .„ stoved and 

pressure through dies of the ; nC( . ) ‘ ^caly graphite has been 

cased in wood (red cedar for pr mr .ijties and high heat con- 

largely used, on account of its refra > , rmihla The graphite is 

ductivity, for the manufacture of P ± ,! art s of 

mixed with different proportions o 1 • • , | crucibles are mouldeil 

plastic clay, 25 of sand, and H» <> « ri I’ 1 ' ‘ k ed at a red heat. Other 
by machinery or by hand, dru d ai' • jUi Graphite is also used 
refractory goods are also made >■ *, iron t<> prevent rusting, 

as a lubricant for machinery, a coating f-r iron ^ ,|,,. tr<)(V p,..l. 

coating for goods-say P las *J' r fishing powder and for 

preventive for boiler scale, sto\ 1 J iking electric furnaces 

gunpowder. Graphite is also used arg<‘ hryplol is a mixture 

cither alone or mixed with earl...r..n<li . . ()f( , ;rctl by this 

of graphite, carborundum, and < ;' V ( ^ ^ rais ,. s ,|„. teifi|X-ratun 
material to the passage of th« ^ v ,. rV little graphite is 

of the mass. If the mixture he sint ‘' " ,. clric i t y very well, and 

lost by combustion. Graphite < .; t |riK .| M . in j C al industries e.g., 

electrodes of graphite are used in ^ o| is (l f sodium chloride, in 
in the manufacture of chlorine l\ , a|U j \ n the extraction of 

steel-making when arc furnaces are ^ . J. hite is also used for 
aluminium, magnesium and oti Colloidal graphite obtaine<l 

battery plates, tk*tric-light of tinnin and also 

by dcflocculating graphite with a • 1 , r (hc commercial names 

with oil, is used as a lubricant, •* 

Aquadag and Oildag. 
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§ 8 Diamond 

For long ages diamonds have been prized as ornaments on account 
of their beauty, rarity, and permanence. As a gem, the diamond is 
altogether unique, for it is separated from all other gem-stones by 
peculiar and distinct properties—physical and chemical. 

Diamonds occur in their natural state as more or less rounded 
rough-looking pebbles not unlike pieces of gum arabic in appearance. 
The natural diamond must be cut and polished to bring out its lustre 
and sparkle. The diamond-cutting industry has developed chiefly in 
Amsterdam and Antwerp. The shape of the crystal as it leaves the 
diamond cutter has no relation to the natural crystalline shape. About 
half the diamond is lost during the cutting. 



Fig. 19.3.—Diagram of Diamond—Crystal and Cut 


The Citllinan is the largest known diamond. It was found near 
Pretoria (South Africa), January 1905, and weighed over 1-J lb.; 
after cutting, it weighed about 800 carats,* and was valued at £100,000. 
It was presented to the King of England by Cape Colony in 1909. 
The Regent or Pitt diamond} one of the French Crown Jewels, is the 
purest tand finest known. It weighs 136i carats, and was valued *at 
F. 480 , 000 . Stones over an ounce in weight are comparatively rare 

Occurrence 

Diamond* are sparsely distributed in different parts of the world. 
The clue* ‘ icalitics are South Africa, Brazil, Ural^ India, Borneo and 
Australia*/They have been found in meteorites—e.g., the Canyon 
Diablo n» tcoritc (Arizona, t .S.A.) contained both black and trans¬ 
parent diamonds. 

The chief source of diamonds at the present day is in what are 
known as the diamond-pipes of South Africa. These “ pipes ” are 

• Diamonds arc sold by the *' carat “ The carat represents the Homan sihqiia 
or (Irri-k «<parv'i. It was „\th of the golden solidus of Constantine, which 
was ,'th i>/ It i- now a measure of weight used for diamonds and other precious 
stoiif-v md was originally ,th oz. or grains, but it is now nearer 0*207 gram, 

, Jt„th o/ tmv. or grains troy. The value of the international carat is 0-2 gram 
or .Tnsui? grains trov. The term “carat " is derived from the carob bean, 
fornn rl\ list .1 as a small weight by the diamond merchants of India. Its exact 
value ha- varied in time, and it varies in different countries. The carat is also a 
proportional measure of ^th, and is used in stating the fineness of gold. 
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.. k* «tnfts of extinct volcanoes, and are found to be 

SEfth 0 .«.!»•wo. 4 C*d « v: - «5» •», 

this substance is hard, but when exposed to the weather it tails* 
powder and diamonds are found in the disi artificial i v 
P Diamonds have proved surprisingly d.fheu to v 

In general, it is possible to oh tarn an element ^ 

deposition from solution (cf. sulph . <■ 1 . . * . . R . ccnt i v 

coSta, of .ho molten okmont, or &£»*'!> 

that carbon has been melted, and it at a bout 3000' 

pure graphite. It volatilizes at or ^^ s \ Q a ‘ mor phous carbon and 

without melting, but the \apour ordinary solvent but 

not to diamond. Carbon does not dissolve in anyorciina > f 

does so to a considerable extent in»^ tll ’nLT™ is 
diamonds in supposedly volcanic H.-nco if carbon could 

an essential condition for their of tempera- 

be deposited from m «>lton iron. 1 th at~ diamonds would result. 

t«re and pressure, it ^' 'uv.-d ,<> have proved this. He packed 
Moissan was for many years_bcl a ca rboii crucible with sugar 

a piece of iron, as pure as pract cs • thc , )() | e s of an electric arc- 
charcoal. The crucible was heat m , lt. <l an.l dissolved much 

furnace. Under these condition |v ((a nd the iron was 
carbon. When the emperatur ^ ^ (rudl)K> molten lead, 

volatilizing in clouds, Moissan l l“ ^ >( jn(|1 | | 10 , o.npr. sMon 

The sudden cooling soidificd th <|^ >n|i ,| i(villK ,„u>t have pro- 
which the inner liquid cor. rar i>.m separated from the 

duccd an enormous pressure. Uu . r .involving away the iron, etc 

iron under a very great pro 11 • • believed to be in thc form of 

some of the carbon which remained wa> b< ^ rt . cc , ntIy som e 

transparent diamonds nn« ro^ opic. have obtained diamonds 

workers have concluded that ^ ‘ t ion of'diamonds has yet to 

in this way, and that the artificial prodm 

be achieved. (Cf. Desch, 1 

Varieties , . vr i| 0 w. The clearest and 

Diamonds arc usually tinge K j are most prized as 

most nearly colourless diamonds will also occasionally 

“ diamonds of the first water. 
coloured 
foreign 
exhibit 
black 

crystallized mat* . m . | >0 art i> used in 

portions, and is therefore useless s « g ^ ^ sto nes. Carbonado is the 
of rocks, and in cutting and |*»> ^ |,lack diamond. 

Brazilian term for a still less | - j^ oar t and carbonado arc 

It is as hard as boart. and has Mm‘between diamonds and graphite, 
usually regarded as intermediate forms 
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Properties 

The diamond is rather brittle. It is probably the hardest substance 
known, although it is now believed by some that boron carbide, B 4 C, 
is even harder. The hardness, refracting power, and other properties 
vary with different diamonds; and, indeed, in different parts of one 
diamond. The specific gravity varies from 3-514 to 3-518; carbonado, 
3*50; boart, 3-47 to 3-49. Amorphous graphite has a specific gravity 
of 2-5; hard gas carbon, 2-356; and amorphous carbon, 1-45 to 1-70. 
The diamond is transparent to Rontgen rays, whereas glass, used in 
imitation of the diamond, is nearly opaque to these rays. This furnishes 
a ready means of distinguishing imitation diamonds from the true gems. 

The refractive index, about 2-4. is considerably higher than that of 
any other solid. 

Chemically the diamond is not very active. It is insoluble in all 
liquids. Fused potassium hydrofluoridc mixed with 5 per cent, of 
nitre attacks the diamond slightly; a mixture of potassium dichromate 
and sulphuric acid oxidizes the diamond to carbon dioxide at about 
200°. Unlike graphite and amorphous carbon, diamonds are scarcely 
attacked by a mixture of potassium chlorate and nitric acid. 

Diamonds will burn in air or oxygen, but only with difficulty, the 
temperature of ignition, which varies from 700 J to 900°, depending 
upon the hardness, etc., of the particular specimen. 

It is rather difficult to burn the diamond unless the temperature be 
maintained by, say, placing the diamond on a piece of platinum foil 
heated red hot by an electric current. 

When burnt in air or oxygen, carbon dioxide is formed and only a 
trace of ash (chiefly silica and oxide of iron) is left. The combustibility 
of the diamond was predicted by Newton who, in 1675, arguing from 
the high refractory power of camphor, olive oil, amber, etc., ” which 
are fat, sulphurous, unctuous bodies,” inferred that, ” a diamond is 
probably an unctuous substance coagulated,” although he was antici¬ 
pated by A. Boetius de Boot in 1609. 

In 1691. Avcrani and Targioni of the Academy of Cimento first 
burnt the diamond by exposing it in the focus of a large ” sun glass.” 
Lavoisier in 1775, and H. Davy in 1814, showed that the diamond 
forms i ;n bon dioxide when burnt, and unlike graphite and charcoal, it 
gives no aqueous vapour, showing that it is free from hydrogen and 
water. Hence it was inferred that the diamond is crystallized carbon. 


Uses 

Apart from its use as a gem stone, the diamond is used industrially, 
particularly for making rock-drills, diamond dies for wire-drawing, 
diamond lathe tools, and precision grinding wheels, since it is one of 
ilie hardest substances known. It also finds application for glass- 
cutting. gem-engraving and so on. 
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§ 9 Internal Structure of the Forms of Carbon 

jrzss&s&t an* sra 

interest and importance. A thp atonls are arranged in 

It has been shown that, in the diamond, ‘^^^^dron. Ld is 
such a way that each is at the cen ( . onu . rs oj the tetrahedron, 

joined to four.other atoms u^^ 4 The dialn ond thus consists 
The arrangement is indicated in g- . ion jn harmony with the 
of a series of interlacing herons (. bci COV alentlv linked to 

theories of organic chemistry), ea • ^ , f chem ; ca l attack. 

stjssJZs ru,r°~ s? »*'*-*■ - - - 

great hardness of the diamond. 



, i •* . i v.ravs has shown that it consists of 
Examination of graphite b> * > atoms, but that tin* sheets 

sheets or planes of covalently 1,1 * '| M . rea | c hnnical bonds between 

are almost too far apart for » .. j olir ^, valency ” i» probably 

the atoms in different planes 111 aIK | double bonds between 

accounted for by resonance e ' ' lure a( , (>un ts for the readiness with 
the atoms in the sheets Ih V* . the^e planes as well as its softness 
which graphite can be clea ‘ ‘ f |n ^ m< . nl is shown in Fig. W&- 
and lubricating power. Ih- ‘ ^ ( tar bon in general are found to 
Charcoal and amorphous > plaiu-s are much smaller and 

possess a graphite-like structu e accounts for the greater reacti- 

arranged in an irregular manm- • ‘ t jiat amorphous carbon is not 

vity. but also lends support to the view 

a distinct ailotropic form. 
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§ 10 Atomic Weight of Carbon 

Many determinations ol the atomic weight oC carbon have been 
made by the gravimetric synthesis of carbon dioxide by burning a 
known weight of diamond in a current of pure oxygen, and weighing 
the carbon dioxide formed by absorption in potash solution (see page 
361). (For atomic weight work it is necessary to apply a correction for 
the expansion of the potash solution after absorption of carbon dioxide, 
since this alters the air displacement.) 

Richards and Hoover in 1915 neutralized a known weight of very 
pure sodium carbonate with hydrobromic acid, thus forming sodium 
bromide, which was precipitated and estimated in the usual manner of 
the Harvard determinations (see Chapter 6, pages 97-100). In this 
way they obtained the value 12-003. 

Physical determinations, by the method of limiting density, have 
been made using carbon monoxide and methane. Gray and Woodhead 
in 1933 obtained a value very close to 12 01 from the limiting density 
of carbon monoxide. Similar experiments by Cawood and Patterson 
(1936) with carbon dioxide, ethylene and carbon tetrafluoride led to 
the value of 12*011. 

Owing to the existence of the isotope C 13 , it is believed (using the 
best available data for the abundance ratio of the isotopes) that the 
true chemical value lies close to 12*01. 

The " International ” Value at present (1949) stands at 12*010. 

The equivalent of carbon is approximately 3; but it is known that 
the atomic weight is four times this value, viz., 12 approximately, 
since this i-> the smallest weight of carbon found in any of the very 
numerous volatile organic compounds whose vapour density (and 
hence molccului weight) have been determined. 

$ 11 Hydrocarbons. Methane 

Several hundred compounds of carbon and hydrogen are known, and 
their .study belongs to Organic Chemistry. They can be arranged in a 
few series, tin members of which have many properties in common, 
and it i^ convenient to consider the first members of three of these 
series in Inorganic Chemistry. These three hydrocarbons are: 

Methane CH, 

Ft hy lent* C«H 4 

Acetylene C a ll 2 


Methane, CH, 

Occurrence 

I his gas. methane, occurs naturally as natural gas and firedamp ', 
and it is also evolved from decomposing vegetation in ponds and 
marshes. I lence it is sometimes known as marsh gas. 


CARBON 


341 


Natural p. is found 

complex mixture of hydrocarbon.. th P , iu ts are known 

gaseous at ordinary pressures riust c ' . _ 

as natural gas, and contain a large prop formation of 

The chemical processes behoved to taU place * as mentioned that 
coal have been discussed on page •. . sometimes under 

methane is formed and often imprisoned in naturally 

considerable pressure. When the ^^^eithalrdis a source 
escapes and, since it forms an exp 1 ■ j explosions. Among 

of danger and has given rise to mam senou. i 

miners the gas is known as/m/«m/>- „ rat lual decay of vegetable 

Methane appears to be a produc oJ ‘ht fcraau ^ bubbl( , s whcn 

matter in a very limited supply °‘ . ,i ist urbed. The gas can be 

the marshy bottoms of stagnant p * 4 * s i u dge on fermentation 

collected and identified as nu ' th ;* n bi s0nu .\,| a c l s as a source of fuel. 

evolves a similar gas which is usee , ' of coa i gas , comprising 

Methane is also an important consUU . t' t hc destructive 

from 25 to 40 per cent, of the gas which results 

distillation of coal. 

Preparation of Methane , n j heat with the 

Carbon and hydrogen unite v mc thane formed is too small 

formation of methane, but the amoui t of nu than . 

(or this to be a practicable met m< ° I ora tory by the tollowing 

Methane is usually V^^'SiXlr^/todmm acetate is intimately 
process. A quantity of fused (an> . cM j a ij n u* in a mortar . and 

mixed with about three times it> fc» / r q as k), A (Fig- l 11 - 6 )* 1,1C 
the mixture transferred to a copper tube (or J. 


Sodium acetate 
and eoda-lime 


Copper tube 


Pic. IU.ll—Preparation of Mt ll " l,u 

bottle H, arranged as shown, 
tube (or flask) is connected to ‘ in . into A during the course of 

so as to prevent water lx*mg • . ,\ strongly heated is collects 

the experiment. The gas formed ^ ^ u ,, by the equation : 

over water as shown. 1 he reaction y * 

CH,.COONa + NaOH-NaX0 3 + <■»«; 

. . i account of its fusibility. 

Sodium hydroxide itself is not ust < 
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The gas prepared by this process is not very pure and contains about 
00 per cent, of methane, but the mode of preparation is useful for 
ordinary purposes. For instance, this gas bums with a luminous 
flame, whereas pure methane burns with a non-luminous flame. A 
fairly pure gas—mixed with a little ammonia and acetylene—is formed 
by the action of water on commercial aluminium carbide: 

A1 4 C 3 + 12H 2 0 -► 4A1(0H) 3 + 3CH 4 . 

The gas can be washed free from acetylene by means of an ammoniacal 
solution of cuprous chloride. When pure methane is required, methyl 
iodide, CH 3 I, is reduced by nascent hydrogen formed by the action of 
a mercury: aluminium couple, or a copper: zinc couple on water or 
alcohol, thus: 

CH 3 I + 2H = CH 4 + HI. 

This method of preparation is discussed in works on organic chemistry. 
Methane is now being manufactured from water gas (see page 369). 

Properties 

Pure inethane is free from colour, and is without smell. The gas 
prepared by the ordinary process usually has a slight smell owing to 
the presence of impurities. Methane is lighter than air.* 100 volumes 
of water at 0 dissolve 5J> volumes of the gas; and at 20 \ 3| volumes. 
Methane is rather more soluble in alcohol. It liquefies at 0 r under a 
pressure of I4o atmospheres. The liquid boils at - 161-4°, and solidifies 
at - 1S5-S . Methane has no well-defined physiological action on the 
system other than diluting the oxygen and so inducing suffocation. 

Pure methane burns with a pale blue, almost non-luminous flame, 
forming carbon dioxide and water: 

CH , -f 20 2 = C0 2 -F 2H s O. 

It is a non-supporter of combustion, as is shown by plunging a lighted 
taper into a jar of the gas (held mouth downwards). The taper is 
extinguished, while the gas burns at the mouth of the jar. 

Methane forms explosive mixtures with air, even when present only 
t th ' extent of 5 or 6 per cent. 

.\] i t from its combustibility methane is chemically very stable and 
i n bed by but few reagents. It is attacked by chlorine, the nature 
• : t!.i products depending upon the conditions. A mixture of methane 
• ’excess of chlorine explodes when exposed to direct sunlight, carbon 

i •••ing deposited: 

CH 4 -F 2CU = C + 4HC1. 

V\ h n a mixture of equal volumes ol chlorine and methane is exposed 
i • tiff used daylight, they gradually react forming methyl chloride, 

< 11 a t 1. If more chlorine be present it gradually replaces all the 

h \ drogen: 
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CH 4 4- Cl. = CH 3 C1 + HC1 

methyl chloride 

CH 3 CI + CL = CHjClj + HC1 

methylene chloride 

CH 2 C1 2 + Cl 2 = CHCI 3 + HC1 

chloroform 

CHClj + Cl, = cci 4 + HC 1 

carbon tetrachloride 

This process of replacing one ormorejjtonMui an¬ 

atoms is called substitut.on. lhe formation 01 1 

trasted with the addition compoiinds of ethylene 1 

Methane is unattacked by other chemical k 

§ 12 Formula of Methane 

The formula of methane, and of voufm^of the gas with 

found from the results of exploding < formed condenses and 

excess of oxygen in an eud.omcter k q{ hydrog en 

causes a contraction winch *■ hm)c of thc steam formed. The 
present since it is equal to u absorbed by potassium 

carbon dioxide also formed cm ‘ contraclion measured. The 
hydroxide solution and tlu b obtained is illustrated by 

calculation of the formula from the data so 

the following example: jif were exploited with 40 c.c. of 

In an experiment 10 c.c. oj metha* 30 c.c. After 

oxygen. After cooling the vo u < llt stic potash solution thc volume 

absorbing the carbon dioxide >y m* jj s . ^ f ortnli l a 0 f methane? 

oj unused oxygen remaining teas - • ■ 

(AU volumes have been reduce! ° • • * . onc . volume of methane 

Thc results of the cxpcrimcn s volume of carbon 

reacts with two volumes of oxygen, and that 

dioxide is formed. k 0 C,H» we have (Chapter i, 

Hence, if the formula ol methane be 

page 110 ): y 

x = 1 and i t- ’ — £ 

:■ y 4 

so that the formula of methane i> ( " e 

§ 13 Ethylene, C.H, 

Occurrence and Preparation Btchcr aboul 1<;«<), and its proper- 

Ethylene was discovered by J* J inflammable air by the Hutch 

lies were distinguished from Bondi, and A. 

chemists J. P. Dcimann. A. 1 - van n 
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Lauwerenburgh (1795). These chemists also showed that the gas 
contained carbon and hydrogen. It was clearly distinguished from 
methane in 1805 by \Y. Henry. 

Ethylene occurs in natural gas (page 340). Some analyses of “ pit 
gases ” show that up to C per cent, of this gas may occur in the air in 
coal pits. This gas is also obtained when coal or wood is heated in 
closed vessels, and coal gas contains from 4 to 10 per cent, of ethylene. 

Ethylene is usually prepared by the action of concentrated sulphuric 
acid on alcohol. This is an interesting reaction since, according to the 
conditions, either ethylene or ether may be formed. This latter 
substance is studied in organic chemistry. 



Eor the preparation of ethylene 30 c.c. <>1 alcohol are mixed with 
so c.c. of concentrated sulphuric acid in a large Hash, through the neck 
o! which parses a tap-funnel and a thermometer (with its bulb in the 
liquid) .t*' well as a delivery tube. The mixture is heated to I tilt on a 
>and bath when cthvlene is formed along with sulphur dioxide, 
carbon divide, a little ether, etc. The gas is washed by passing it 
through battle containing strong caustic potash solution and collected 
nvei v a - : M*e I'ig. 19.7). The supply of gas can be maintained bv 
addin. ,vlv a mixture of equal volumes of alcohol and concentrated 
ulphur- • id through the tap-funnel. 

He i . tions which take place may be represented by the equations: 

CJl-OH + 11 2 SO., -= C,,II s HS0 4 -f h 2 o 

alcohol ethyl hydrogen 

sulphate 

CJL.HSO.j = C.,11, 4- H 2 S0 4 . 

lie lormer reaction takes place at ordinary temperatures, but the 
ethyl hydrogen sulphate formed breaks up into ethylene and sulphuric 
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a „d at temperatures above 150’. Summarums the two equations. 

C.H s OH - C,H, + H.O. 

ws s««ss r 3 * 

sulphuric aS. but a temperature of 200-23.. * .. of 

Ethylene is now produced m large qu.m jn the r y,..\. as a 

petroleum for the production of petro . l ed f„ r the artificial 

fuel and as a source of alcohol. It is also cmpiujcu 

ripening of citrus fruits and as an anaest u h 

S . colourless - ^ 

swsra arS-Vi', 1 ?.'icsssv'sr/^s 

13 times as soluble in alcohol. |, nt 1 1 _ 1 ^ 3.7 t and solidities at 

of 43 atmospheres; the liquid boi > 4 > . iL| ltc( j ta p e r, but it 

—169-5°. The gas behaves jjJ 1 ' it ‘ t)l ‘ dilLte-1 will, hydrogen 
bums with a luminous smok\ tla temperature 1 Ins is 

or methane. Ethylene is decompose • 4 t ^| K . of hard glass W hen 

illustrated by passing the gas throuK |« , blow , )l|K . flame. By 

all the air has been expelled, heat liv ing ™ formed in flu- 

rotating the bulb, a mirror-hke deposit of carbon 

interior of the bulb iVtlir< . w iih air and the explosion i> 

Ethylene forms an explosive mixture vuth 

even more violent than with nu t »ai i ”. . i )L . passed ovei reduced 

If a mixture of hydrogen and Cth>^ , rc a U ced ... 
copper, between lHO and 300 . • many 0 I its properties 

ethane, C 2 H„. a gas resembling .wth» 

Finely divided nickel can also lw 1 xlx t |„. same way as that 

The formula for the gas can be 1 ‘ 1 to bc C 2 H 4 . which is con- 

of methane (q.v.). In this way 1 " . show that the nioleculai 

firmed by vapour density measurements u Inch >Iion 

weight is 28. , .». car bon quadrivalent and 

The graphic formula lor rth) c ^ ,j K . va | cnc ics have to be 

hydrogen univalent is not ! M ' >sl ’\ J ra phic formula involves two 
saturated or ” satisfied.” Hence tl hja >m atoms by a 

sleeping or unsaturated valencies. On )«"'■'*> 
double link, we get: 

... . { linkage (sometimes called a 

Most of the evidence for this typ OIt , anK chemistry. It appears 
double bond) belongs to the rea m J ? u j an d hence a compound 
to involve a state of strain in w ; \ forms addition products, 

possessing a linkage of this kind is reactive ana 
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Thus, one molecule of ethylene readily combines with a molecule of 
chlorine when equal volumes of the two gases are mixed, forming an 
oily liquid known as ethylene dichloride, the formula of which is 

C,H 4 CI s : 

c 2 h 4 + Cl 2 = C 2 H 4 C1 2 . 

One of the earliest properties of ethylene to be observed was the 
formation of this oil which gave rise to the name olefiant (= oil forming) 
gas for ethylene. 

Ethylene will react similarly with hydrobromic and hydriodic acids: 

C 2 H 4 -f- HBr = C 2 H 5 Br. 

It is also readily oxidized by oxidizing agents, such as potassium 
permanganate: 

C 2 H 4 + H 2 0 + 0 = C 2 H 4 (OH) 2 

and is absorbed by very strong or fuming sulphuric acid forming 
ethyl hydrogen sulphate: 

C 2 H 4 + H 2 SO, = C 2 H..HS0 4 

Ethylene is thus a very reactive substance and forms, as a rule, 
addition products. In this respect its behaviour is in marked contrast 
with that of methane which is chemically inert and, when it reacts at 
all, forms substitution products. 


§ 14 Acetylene, C 2 H 2 

This gas was discovered by E. Davy in 1836. He obtained it by the 
action of water on the black mass formed as a by-product in the 
manufacture of potassium. 


— Water 


Preparation 

Acetylene i- formed in small quantities bv sparking carbon electrodes 
in an atmosphere of hydrogen. It is also found in small quantities in 

the gases issuing from a 
bunsen burner which has 
“ struck back." 

The most convenient and 
usual method for preparing 
acetylene is by the action 
of water on calcium carbide 
(page 653). The reaction 
may be represented by the 
equation: 

CaC 2 -f 2H«,0 = Ca(OH) 2 + 
C 2 H 2 . 

In the laboratory the 



Calcium 

carbide 


Sand 


ft 


■ Acetylene 


Vf —Acidified 

CuSO A solution 


I-'io. It).8.—Preparation of Acetylene 
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reaction can be conveniently carried out in an apparatus such as is 

indicated in Fig. 19.8. . „ traces of sulphur 

When prepared in this way tl ^ 6<is co, ^ j( js usua n v pure 
and phosphorus compounds, ammo » ’ f rom the most 

enough for experimental work ^ gas 

objectionable impurities in the ion ° f f col>per sulphate acidified 
through a wash-bottle containing a sol \ mpounc j$ of phos- 

with sulphuric acid. This removes ammonia and compc i 

.ce.yu™, Irr^'L'^S' " av “ 01 

methane, is C 2 H 2 , and the graphic f° rmu 

since it exhibits the unsaturated behaviour of eth>lenc in a do 
degree. 

Acetylene is a colourless gas ’’".pared and purilu-d 

odour which is not unpleasant. . *» • ‘ t to an ollensive smell 

the gas has traces of impurities win j\ jj,.liter than air. 100 
reminding one of garlic. , Acet^"? * ^ acetylene; and at 

volumes of water at 0 dissolve 1 < , V( . S about tunes its 

20°, 103 volumes of the gas. Alcohol -• (|((> is absorbed by 
own volume at ordinary tempera u• • • • vt i, ()f ,,.,iated (reduced) to 
fuming sulphuric acid. Acetylene c. ,' u jxod with hydrogen, and 

ethylene. C,H 4> and to ethane. i>(>nous and soon 

passed over finely divided nicke . • . , white solid which 

induces headache. On cooling, acetone 

sublimes at -830° at ordinary presMiu^ but . like the other 

Acetylene burns with a luminous . . v - j lapor plunged into the 
hydrocarbon gases, it extinguishes « a vtTV fine aperture the 

gas. If acetylene be burned from K | ilin inou>. In most acetylene 
flame is not smoky, but it is excec g ^ a , ranged that they strike 

burners the gas issues as two sma J , _ other holes are located 
against one another and produce a ‘ a> , t rushes through the 

so that air is drawn in and mixedI" v | (ll e flaine. coupled with the 

nozzle. The great luminosity ol the a { lo the t . xt ensive use of 

easy preparation of the gas from <■ V( .| 0 p„ K nt of electric lighting tins 
acetylene at one time, but with t 

use has declined. . . n in ixed with 24 times its volume 

Acetylene is violently explosive t ( j un der a greater pressure 

of oxygen. The gas cannot be safe 1► • i|lc|l _ bcCa usc it is then liable 
than 2 atmospheres— 30 lb. P ,r h I ‘ .... mr th«>d of storing acetylene 
to explode violently by nure s loc . ' • Q j the gas in acetone wln< ». 
under pressure is to employ a so . vcS goo times its volume a 

under a pressure of 12 atmosphere ., j* tr ansported in steel cylinders, 
ordinary temperatures. It is sto 
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containing kapok soaked in acetone, when required for industrial 
operations such as welding, cutting steel, etc., as mentioned below. 

Acetylene resembles ethylene in the readiness with which it forms 
additive compounds with chlorine, oxidizing agents, etc. When 
mixed with chlorine, it explodes violently; but under regulated condi¬ 
tions acetylene tetrachloride results. 

C 2 H 2 + 2C1 = C 2 H 2 C1 4 . 

Acetylene tetrachloride is now manufactured by passing chlorine 
and acetylene alternately into sulphur chloride containing a little 
reduced iron, and is sold under the name Westron, 

Acetylene reacts with solutions of some metallic salts with the forma¬ 
tion of explosive compounds known as acetylidcs. The most familiar 
of these is cuprous acetylide, which is formed as a red precipitate 
when a current of acetylene is passed through an ammoniacal solution 
of cuprous chloride. This precipitate has the formula Cu 2 C 2 .H 2 0 and, 
when dried, forms the acetylide Cu,C 2 . Similar acetvlides are formed 
by silver and mercury. The action of dilute acids on these compounds 
produces pure acetylene. 


Uses 

The use of acetylene as an illuminant has already been mentioned. 

Oxy-acctylene bhu'pipes are used for welding pieces of iron and steel 
together under conditions where forge welding is impracticable. The 
flume is produced by burning a mixture of the two gases delivered into 
special blow pipes under pressure (the acetylene from an acetone 
solution of acetylene under pressure). The flame at the apex of the 
small central white cone has a temperature of about 3iK ) . At that 
point the ilann' dmost entirely carbon monoxide surrounded by a 
jack*-! of hydrogen I he temperature at the apex of the flame is too 
high to allow the hydrogen to combine with the oxygen. The flame is 
th»Te|un* hot 'iiough to melt iron and steel, and yet sufficiently 
reducing to plot, t the fused metal from oxidation while the welding 
is in progress. 

It l'- »N«. used, particularly at Niagara Falls and at Yisp in Switzer¬ 
land, as the starting point for the manufacture of acetic acid and a 
I.age rang* oi other organic chemicals. 


$ 15 Coal Gas 

• a \e* * insists «*l a mixture, in varying proportions, of hydrogen, 
* - a monoxide, methane and other hydrocarbons, and is the gas 
i i• v *ult> from the distillation of coal out of contact with the air. 
I 1* mi llion of such a gas is referred to by writers as early as the 
•« • i..t enth century, but its use as an illuminant was not developed 
tin i the end o| the eighteenth century. Its use was introduced by 
William Murdoch in I Till? and in I Tits he installed a plant for the 
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lighting of Boulton and Watt's engineering works at Soho, Birmingham, 
by gas. 

When coal is heated in closed vessels to about 400', it is carbonized, 
and a comparatively small quantity of gaseous, and a relatively large- 
quantity of liquid, products are obtained. If the temperature of 
distillation be raised, the quantity of liquid products decreases, and 
the quantity of gaseous products increases. In other words, more 
gas and less tar is obtained. The gas obtained by the high-temperature 
distillation has less illuminating power, when burned at a jet such as 
the flat-flame or fish-tail burner. In modern practice, there is a 
tendency to raise the temperature of distillation, thus sacrificing 
illuminating power for quantity (cubic feet of gas per ton of coal). 
Since nowadays it is the heating value of the gas which is important 
(for even when used for lighting it is in conjunction with incandescent 
mantles), the lower illuminating power of the gas is not a disadvantage. 

Experiments are now being conducted, however, with low-tempera¬ 
ture distillation (i.e., at a temperature of 300-400 C.) because of tin- 
improved yield of volatile liquid products (benzene, etc.) which are 
then produced and which are valuable for use as motor spirit, etc. In 
ordinary gas-works practice, however, a temperature of about 1000 C. 

is employed. . 

When coal is heated in this way there is formed: 

(i) A mixture of gases, consisting mainly of hydrogen, methane, 
carbon monoxide and a little ethylene. 


(ii) A liquid portion. This separates into two layers, viz.: 

(a) an aqueous layer containing ammonia, ammonium sulphide, 
phenol (carbolic acid), pyridine and small quantities of other 
organic compounds; 

(ja a layer of “tar" insoluble in water consisting of a large 
number of hydrocarbons (e.g., benzene, toluene, naphthalene) 
and related organic compounds of great technical importance, 
fiii) A non-volatile residue of coke. 

(iv) A hard greyish-blue form of carbon known as gas-carbon 
adhering to the walls of the retort. 

The approximate amounts of the various products obtained from 
one ton of coal are: 

Coal gas . . 10.000-12,000 cu. ft. 

Tar . - .115 1b. 

Ammonia . • ~ lb. 

Coke . . • l/>50lb. 


§ 16 Coal Gas Manufacture 

The details of the plant in use at various gas works differ consider¬ 
ably, in particular in the arrangement of the retorts, but the chemistry 
of the process is essentially the same in all. Different types of retort 
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are illustrated by Figs. 10.9 and 19.10, and the general layout by 
Fig. 10.11. 



l ie. IH i». 

/>; i < rntcsy oj Ixobert Jjt mpslcr S>ons, Ltd.) 


1. The Retorts 

I li«* «*».»I i' distilled in fireclay or silica retorts, which may be set 
hori/«»nt.til\ oj in an inclined position, or vertically. When horizontal 
• >! tn< liiu - d tin retorts are Q -shaped in section and uniform throughout 
th- :i length; alien vertical th«*v are rectangular and usually taper 

-otneuhat tow id' the top. 

When hori/oiital retorts are used they are fixed to an iron furnace 
h »n*. each fined with a door and connected with a vertical exit pipe 
■i iisctvsi 'U ;ip t ' for tin* escajx* of volatile products. The retorts 
rranged in banks of live oi more, heated by a single furnace, 
i h eiouj hi retorts is heated by producer gas formed by passing 
d.rough a bed of hot coke in a special furnace underneath. (See 
.!»*'• mi i fuller account of producer gas, which is essentially a 
t \i uie of carbon monoxide and nitrogen.) 

!i »- v -ladle pi »diii ts pass from the retort into the hydraulic main 
v;ih'li -ontaiii- eoiifl* used coal tar and water. This main runs horizon- 
; a v-i die trout ol the bench of retorts, and all the retorts discharge 
into »♦ I lie ga- is here partly cooled, and some tar and water are 
used from the hot gas. The pipe leading the gas from the retort 
dip- into the liquid in the hydraulic main, and so prevents the gas 
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from passing back when the retorts are recharged. The liquid in the 
hydraulic main is kept at a constant level by leading the excess into 
the tar well. With horizontal retorts containing about 8 cwt. of coal, 
the distillation will be complete in about 8 hours. 1 he newest silica 
retorts hold up to 1 ton and carbonization may then take up to 1 l hours. 
The coke is pushed or raked from the retort, and quenched with water 
to prevent further combustion. Another charge of coal is quickly 

introduced into the retort. . ... 4 # . 

The arrangement of horizontal retort settings is illustrated In 

Fig 19 9 

When vertical retorts are employed they are arranged in a manner 
which may be understood from Fig. 1U.II. They are now usually 
made of silica brick. In these the coal enters at the top from a special 
hopper in a slow continuous stream, while the coke is similarly remoced 
from the bottom. A non-caking coal must be used in these retorts to 
prevent sticking. The advantages of vertical retorts an con uiuoi 
operation, and the by-products include a more fluid tar and - i f- 
proportion of ammonia. Steam is usually introduced in o the base o 
the retorts; this steaming produces a proportion of water gas at the 
same time as the coal is distilled and also cools the cokere-ady ford,s- 
charge at the bottom of the retort. (Cf. also page d/ ) < ‘ . 

are heated by producer gas in a similar manner to the horizontal Upe. 

2. The Condensers 

The hot impure gases pass from the hydraulic main into condensers 
Here t he gas'passes s.^f 

the tar well separates into two layers tlx o e c > ■ • siiis 

ftss 

^ ai ^ to 

the rest of the plant. 


3. The Scrubbers 

In modern works all the tar ,s removed h orn the gas in 
plant, but the gas still contains^ 
and some ammonia. In one form ol 
trays charged with coke or pebbles 


that 


„• tower has a partition so 

the other. A spray of 


■ f ♦ tower and up the oilier. 

the gas flows down one side of the to \ through the coke is 

water trickles down the coke. , ^ lnm , ammonium com- 

broken up into small bubbles aim wasn. 

pounds by the water. . , b Fi „ 19 . 12 . This consists 

Another form of scrubber is illustrated oy b 


N 
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of a horizontal cylindrical vessel, divided internally into compartments 
by vertical plates having suitably placed openings for the passage of 
the gas. A central revolving shaft carries, in each compartment, a 
disc to which are attached bundles of thin wooden boards. The gas 
passes over the surfaces of the wood, which is kept wetted by revolving 
through the liquor at the bottom of each compartment. Rotary 
scrubbers are more efficient and occupy less room than the older types. 



Fig. ID. 12.—Rotary Scrubber 

The liquid from the scrubbers is drawn off from time to time and 
mixed with the gas liquor from the tar well. 

In some plants, particularly coke-ovens (see page 357), direct 
ammonia recovery is used. The gas is air-cooled to about 80° only, 
residual tar fog removed by electrostatic precipitators, and the remain¬ 
ing gas, '‘till above its dew-point, passed through sulphuric acid in 
lead-lined containers. Ammonium sulphate is formed and removed 
continuously as a solid. 

4. The Purifiers 

Some of the hydrogen sulphide, hydrogen cyanide and carbon dioxide 
m the gas combine with the ammonia and are removed in the scrubbers. 
The gas still contains hvdrogen cyanide, hydrogen sulphide and carbon 
disulphide. I he remainder of the hydrogen cyanide is usually removed 
by washing the gas with an alkaline liquor containing ferrous sulphide 
or hydroxide in suspension: 

FcS t- 2Na,C0 3 + tiHCN = Na 4 Fe(CX) 6 -f H 2 S -f 2H a O + 2CO.> 

1 he gas is then freed from hydrogen sulphide in the purifiers which 
consist of a series of low rectangular iron tanks fitted with horizontal 
shelves or grids. The shelves are loosely packed with a layer of ferric 
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hydroxide (" bog iron ore ")-Fe 2 0 3 .H 2 0. The ferric hydroxide forms 
ferric sulphide: 

FejO s HjO + 3H 2 S = Fe 2 S 3 + 4H 2 0; 

or ferrous sulphide and free sulphur: 

Fe 3 0 3 H 2 0 + 3H 2 S = 2FeS + S + 4H 2 0. 

If the eas has not been washed to remove hydrocyanic acid, this 

oxide of the purifiers, forming feme cy.n.de 

“te»x^?oSSi. i S p-T-^jssstra 

four hours and then spread out in layers ' , lir f aces to the action 
Se^Th^lSX^id^ uxidired by exposure .. .he 

air, and free sulphur separates. ^ , , c . 

2Fe 2 S 3 + 30 2 = 2Fe.0 3 + CS; 4FcS + 30 2 = ‘2Fe 2 0 3 + 4S _ 
the net Unit is 

This Alternate fouling ‘an d°ox ith z i ng of thc^, ^ rented 
sixteen times when so much s “*P h “ r ac ; k jn Th is spent oxide is 
it is no longer economical to useacid and used as a source of 
sold to the manufacturer osulphu c ^ ^ s()Urcc o{ iron> being 
sulphur. Recently it has also ^ hi-ict-fumacc use. 

worked up after a preliminary trea r ^" d sulphide which is 'difficult to 
The gas still contains a little carbon'disuipn ,1 ^ ^ ductioll o( 

remove and whose presence is (kk ^ f J jts rcm0 val. employed 

sulphur dioxide when it is burned. * I r consists of passing the 

by the former South Metropolitan GasComW« J 450 .J» Thc 

gas, before it goes to the P ur,fl ^'| ) f j hydrogen present, forming 
carbon disulphide reacts with same olitenwb* 

hydrogen sulphide which is removee in P 

CS 2 + 2H 2 = 2H a S + C 

•r. ie thon freed from benzene, and 
The gas emerging from the^punfi ^ » by washing with oil or by 
any naphthalene not conden <d * i/.m works tlie eas is then dried 
passage over activated charcoal In ^^de Solution.'' Tim 

by passing through concentrated calcium 

prevents condensation of water in e 

5. The Gas-holder . a |argc mctc r which records its 

The punfied gas next pass*®; 11 k h< {j dcr This is usually an 
volume and then into the fann . k « n a c j s t e rn of water. 

enormous cylindrical iron tank \\ * dric<l, and rises, or falls, 

covered with a layer of old the ^ha becn dne . jn whkh lh , 

as gas enters, or leaves. 1 he " sealed by How- 

gas is confined in an iron tower u 1 .. 1 1 , gas-holder the gas 

ing tar has been developed of late years. 1 rom b 
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passes to the governor, where its pressure is regulated, and then to the 
supply mains for use. 

The gas so obtained has approximately the following composition: 


Hydrogen . 

• 

. 45 per cent. 

Methane . 

• 

• 35 „ „ 

Ethylene . 

• 

4 

• t » »» 

Carbon monoxide 

• 

• ^ ii i» 

Carbon dioxide . 

• 

9 

• “ ii ii 

Nitrogen . 

• 

• »# »> 

Oxygen 

• 

• f H H 


Before being supplied to the public a proportion of water gas, some¬ 
times enriched or carburetted (pages 370-1), is very generally added. 
This has the effect of increasing the percentage of carbon monoxide 
and decreasing that of methane, etc. The gas supplied to the public 
thus has, as a rule, only a basis of coal gas proper and contains a 
much higher percentage of carbon monoxide (usually between 15 and 
20). On account of the very poisonous nature of carbon monoxide, 
modern town gas is more dangerous if allowed to escape than true coal 
gas, and so the very’ greatest care is necessary to prevent leakage in 
confined spaces. 


§ 17 By-products of Gas Manufacture 

As stated above (page 349), coal gas is only one of the numerous 
products of the operations described in the preceding section. Along 
with it are produced numerous by-products. Among these may be 
mentioned gas carbon, tar, ammonia, cyanides and coke. 

Gas Carbon is a hard dense deposit of almost pure carbon which 
gradually collects on the inside of the retort. It is a good conductor of 
electricity, and is used for the manufacture of arc lamp carbons, 
and for batteries. Tar—gas tar, coal tar—is a black, viscid, foul¬ 
smelling liquid used as a protective paint for preserving timber; 
making tarred paper, waterproofing masonry, etc. Tar is a mixture 
of many “ organic substances ” which are separated by distillation at 
different temperatures. It furnishes carbolic and creosotic oils, benzene, 
naphthalene, anthracene, etc. Benzene is a most interesting compound 
discovered by M. Faraday and it has given rise to new and important 
branches of industry'. It is used in the manufacture of aniline dyestuffs, 
flavouring essences, perfumes, oils. etc. The residue after distillation 
is " pitch.” Artificial asphalt* is a solution of pitch in heavy tar oils, 
and is used in making hard pavements, varnish, etc. Ammonia—the 
ammoniacal liquid is boiled with milk of lime and the expelled ammonia 
is mixed with sulphuric acid. The tarry matters are separated, and the 

• This must lx* distinguished t»om the natural asphalt obtained Irom the 
lamous pitch lake in Trinidad. 
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solution of ammonium sulphato is tvaporated and crystallized for the 

m ™s , ,„b j «et i. oMhi 

are of value, are obtained as described above. 

cyanides recovered is discussed.on page sM. * valuab i e fuel and is in 

Coke, as explained in * b ™ P , ' indust rial operations (see 

great demand for metallurgical an o-a\ \ s a conse- 

also producer gas. page 3151). and water ^ production 

quence, large quantities of coala [' M , orks sup ply. This is carried 
of coke in order to supplement the gas works su] \ y 

out in plant known as coke th lder be j ng known as Beehive 

Coke ovens are of two main t\] • modern as Recovery 

ovens on account of their shape, and the more mocu 

vo,i,ik 

products are lost and it is w astefu . i u ec ker ovens, make 

Recovery ovens, such as the S.mon-Carves and^Beckc 

use of fireclay retorts not unlike - The coal is heated 

Fig. 19.13 is a diagram of a section of such an oven. 


COAL 


NG LARRY 


] ascension pipe 
1 hydraulic main 


firebrick 

LINED SELF 
SEALING 
DOOR 


COAL LEVELLING RAM 

COlOL discharging ram 



regene- 

RATO 



COKE DISCHARGING 
MACHINE 



(^.PRODUCER-GAS MAIN 

main flue to chimney" 

F,o ID. IS —Section ol KcRC.crat.ve Coke Oven 

. • n n mixture ol products as in gas manufac- 

in these retorts and gives oil a , heating the retort*, being 

ture. Part of the gas evolved » a j r This air derives its heat 

mixed for this purpose with^ pre i * ‘ of a heat-exchanger, I he 

from the hot gases from the furn^ £ y at e the tar. and scrubbed 
gas evolved from the retorts is 
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to remove ammonia, etc., before being burned. Because of the value 
of the numerous by-products, recovery ovens are displacing the bee¬ 
hive type. Recently there has been established in the neighbourhood 
of Sheffield, where there are numerous coke ovens in operation, a 
gas-grid linking up the various plants and making a very cheap supply 
of gas available for use in the nearby towns. 

§ 18 Oil from Coal 

Of recent years processes for the production of oil from coal have 
become increasingly important. Two methods have been developed, 
viz., the direct hydrogenation of suitable coal, and the Fischer-Tropsch 
process which utilizes water gas. 

The former process used by Imperial Chemical Industries consists 
in treating a paste of powdered coal and heavy oil from a previous 
operation with hydrogen at 450° and a pressure of 250 atmospheres 
in presence of a catalyst. The catalyst used is said to be an organic 
tin compound. In this way a mixture of hydrocarbons results which 
can be separated, yielding a petrol fraction and heavier oils as well as 
gases. Some of the heavy oil is used for making the coal paste and 
other portions are further hydrogenated giving additional quantities 
of light oil on fractionation. 

The gaseous product contains propane, butane and isobutane and is 
marketed under the name “ Calor gas.' 1 

The Fischer-Tropsch process consists in passing water gas mixed 
with additional hydrogen over iron cobalt or nickel catalysts at ordi¬ 
nary pressures and at a temperature between 200 and 300’’ The 
“crude oil” so obtained can be fractionated as before: the nature 
of its constituents is determined to a considerable extent by the 
catalyst employed. This process has been extensively worked in 
Germany (e.g., at Leuna). 

$ 19 Oxides of Carbon. Carbon Dioxide 

Three oxides of carbon, all of which are gaseous at ordinary tempera¬ 
tures. are definitely known: carbon dioxide (C0 2 ), carbon monoxide 
(CO), and carbon suboxide (C 3 0 2 ). Other oxides such as C 4 0 3 , C^Oj, 
C, 2 O 0 and C B 0 3 have been reported. 


Carbon Dioxide, CO., 

History and Occurrence 

Carbon dioxide has been known for a long time, but the early writers 
confused it with “air.” J. B. van Helmont called it gas sylvestre to 
distinguish it from common air. He prepared it by the action of acids 
on alkalis and calcareous substances: lie showed that it was formed 
during the combustion of charcoal, during the fermentation and the 
decay of organic matter, and lie recognized it in the “ mineral water 
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at Soa (Belgium) * in the Grotta del Cane (Naples), and other localities. 
He^also knew that the gas extinguished flame, and suflocated ammak. 
hnt he confused it with other gases which do not support combusti< . 

1 Black (1755) however proved the gas to be a peculiar constituent o 

Black called the gas fixed air ; and T IBergman (17 *4) ainaljicut. 
The chemical nature of carbon dioxide was clearly I • 

Lavoisier who showed it to be an oxide of carbon 

Carbon dioxide is present in the atmosphere to the exU i t ot about 

3 parts in 10,000 (003 per cent.) by voUimc^ ^Icarbon 

utmost importance and significance for upo P . t j; ot h 

dioxide depends the continued existence of Me as ”3 

plants and animals consist essentially o „itimatelv the carbon 
the source of the carbon contained in t it I I . .,j | )r j IV , about 

dioxide in the atmosphere. Plants in ufsugars, 

what is known as photosynthesis, that is bon dioxide of the 

starches, and other organic compounds frorntm C “ r °°" lu . (1 jn anim als 
atmosphere and water. Ihc carbon comj <> ^ or from eating other 

are derived either from plants eaten by t ' ' ( ooc j 

animals which in their turn have consume' 1 • j partly returned 
The carbon thus absorbed by animals s u | un gs; 

to the atmosphere in the form of carbon c • • j animals also 

while the decomposition of the dead !><>< u s <J 1 ‘ . |, a |- in ce between 
liberates carbon dioxide. There is thus ma t, ()f c proportion 

plant and animal life which results in the mamtena cc^of th PM^ 

of carbon dioxide in the atmosphere at a r< n < • . c . r " tal „ amount 

Carbon dioxide is appreciably soluble m wa ^r aiul.• from 

of carbon dioxide has been more or Is ( „f shells composed 

the air through the formation by aquatic a in. Is > _ ^ 

of calcium carbonate. This is the origin » , .KUh and it is 

limestone and chalk which exist in various \ a s . ^ ^ may | )( . 
quite probable that this process is still K ol,l K • * t . norinoUS quant i- 
set the fact that man is busily <*ngagvd in co i . l hese various 

ties of coal and oil into carbon dioxide by bunmg thun. 
changes are indicated diagrammaticallv by ig- 
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Carbon dioxide is found to issue from the ground in many places 
both as a gas and in aqueous solution (mineral water). J. B. Boussin- 
gault (1844) estimated that Cotopaxi emitted more carbon dioxide per 
annum than was generated by life and combustion in a city like Paris. 
Owing to the fact that carbon dioxide is nearly one and a half times as 
dense as air. this gas is inclined to collect as a gas in old deep wells, 
in valleys, and in depressions in the ground near lime kilns; and in 
certain neighbourhoods where carbon dioxide is evolved from volcanoes 
and fissures in the ground—e.g., the Valley of Death (Lake of Laach, 
Java), where one traveller says the whole of the bottom is strewn with 
the skeletons of human beings, animals, and birds which have been 
asphyxiated in an atmosphere overloaded with carbon dioxide. In 
the Grotta del Cane (Pozzuoli, Naples) there is said to be a constant 
depth of about 18 inches of carbon dioxide on the floor so that dogs 
entering the cave are suffocated while men are safe. 

Carbon dioxide is also evolved in the Death Gulch in the Yellowstone 
Park and the skeletons of dead animals which have been suffocated 
by it are to be seen there. 

Production of Carbon Dioxide 

Carbon dioxide is formed whenever carbon, or carbon compounds, 
are burned in excess of air, and this source of the gas is sometimes used, 
e.g., in the preparation of white lead (page 742). It can also be made: 

(i) by the action of heat on carbonates (except those of the alkali 
metals); 

(ii) by the action of acids on carbonates: 

(iii) by fermentation. 

The first and third are common industrial sources of the gas, while 
the usual laboratory preparation is an example of the second. 

Preparation of Carbon Dioxide in the Laboratory 

Carbon dioxide is generally made in the laboratory by the action of 

dilute hydrochloric acid upon 
calcium carbonate—marble, lime¬ 
stone or chalk. The operation 
may be carried out in a Woulfe’s 
bottle or Kipp’s apparatus (cf. 
Figs. 19.15 and 17.2, page 261.) 
Fragments of marble are placed in 
the Woulfe’s bottle and covered 
with water. Concentrated hydro¬ 
chloric acid is added by way of 
the thistle funnel. The reaction 
is represented by the equation: 

CaC0 3 -f 2HC1 = CaCL + C0 2 

f H.,0. 


y 


J 


LJ 




.natiEioanCi 


Oil. HCI 
-Chalk etc 


Fig. 19.15. 

Preparation of Carbon Dioxide 
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The gas is somewhat soluble in water and so it is usually collected by 
downward delivery as in Fig. 19.15. The gas can be dried by means of 
calcium chloride, or concentrated sulphuric acid, o p p 

^Uisnot possible to use sulphuric acid in the preparation since the 
lumps of marble or limestone soon become covered with the > 
spanngly soluble calcium sulphate which then stops further action. 

Manufacture . . . 

Industrially, large quantities of carbon dioxide are obtained mthe 

course of the manufacture of quicklime, which is > oneration 

of heat on limestone (see page 654). In the course of this operation. 

carbon dioxide is given off, and utilized. 

CaC0 3 = CaO -f- C0 2 - 

This is the source of the carbon dioxide used in the Solvay process for 

the manufacture of sodium carbonate (see page • > - • dioxide are 
In the brewing industry, large quantities of «r^n * 0 x 1 ^^ 

evolved as a result of!thc' ^ b ^ jn the alco holic 

fermentation^ of ^mly^pr-nted by the equation : 

C 6 H,.>0 6 = 2C 2 H 5 OH + -CO*. 

but small quantities of several other ^b^^^^r^dons taking 
same time, so that there are probably a 
place also. 


by weight and by volume. I he ^?"^_ (liamolu i graphite, or sugar 
burning a weighed amount of c.irb ’ in an apparatus such 

charcoal—at a red heat in a stream ot oxygen. 1 1 

as that indicated in Fig. 19.16. 


§ 20 Formula and Properties of Carbon Dioxide 



Boat containing carbon 

Orcnular copper oiidc 

53 _ 


.yranum 

MYrf' 'jn 



,, IC . m. 18.—Gravimetric Compos,,ion 1 Carbon Uiox.dc 


The carbon is weighed in a is packed with 

placed in the hard glass tube, one. 
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granular copper oxide F. The tube is heated by means of a combustion 
furnace, and a slow stream of pure, dry oxygen is passed through 
the apparatus. The carbon burns in the oxygen, and any traces of 
carbon monoxide which may be formed are completely oxidized to 
carbon dioxide by passage through the hot copper oxide F. The 
carbon dioxide is absorbed in the weighed potash bulbs D. The 
calcium chloride tube E is weighed along with the potash bulbs, as 
its purpose is to prevent loss of water vapour from D by being carried 
along by the stream of excess oxygen. 

Experiments of this kind show that 8 parts by weight of oxygen 
combine with 3 parts by weight of carbon; that is, the equivalent of 
carbon in this gas is 3. Since the vapour density of the gas is 22, its 
molecular weight is 44 and it follows that the weight of carbon in the 
molecular weight is ~ of 44; that is 12 units of weight which corres¬ 
ponds to one atom of carbon. Similarly the weight of oxygen is jj 

of 44, that is 32, which corresponds to two 
atoms of oxygen. Therefore the formula of the 
gas is C0 2 . 

The volumetric composition of carbon 
dioxide may be found in an apparatus such 
as that indicated in Fig. 19.17. 

The bulb of the right tube, Fig. 19.17, is 
charged with oxygen ; and the stopper, which 
carries a bone-ash crucible containing a chip 
of charcoal, is lowered into the position 
illustrated in the diagram. A slip of gummed 
paper is placed on the right tube indicating the 
position of the mercury when that liquid is 
at the same level in both tubes. The platinum 
wires are connected with the supply mains 
through a suitable resistance. The small loop 
of platinum wire in contact with the carbon is 
thus heated red hot. This ignites the carbon 
which burns to carbon dioxide. The heat of 
the combustion expands the gas, but in a 
short time, when the apparatus has cooled, 
the level of the mercury is the same as before the experiment. Hence 
the gas formed by burning carbon in excess of oxygen contains its own 
volume of oxygen. 

I he fact that carbon dioxide contains its own volume of oxygen 
indicates that its formula is C\j0 2 for, by Avogadro’s Law, it shows 
that one molecule of the gas contains one molecule of oxygen. Since 
the vapour density (H 2 1) is found to be 22, its molecular weight is 

44. and since it contains one molecule of oxygen, i.e., 32 units of 
weight, tie- amount of carbon is (44-32) =- 12 units of weight which 
corresponds to one atomic weight of carbon. The formula of the gas 
is therefore CO,, which accounts for the name carbon dioxide. 



Fig 19 17. 

Composition of Carbon 
Dioxide by Volume 
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'"'S’™ dioxide is . colourless S « s«i>h .|W« “ s “ J] 

is beUeved that it is not poisonous, and that » t! *!£" £, 
mainly due to suffocation (absence o o\\^ r ».^^ ^ ^ amount 0 ( 
disturbance of delicate equilibria rC(lU __do no perceptible harm; 
carbon dioxide in air—say 2 or 3 P _ . , Dan ti n g; 10 per cent. 

5-6 per cent ; induces a ^ effect, mid with 

violent panting; above this the t,as . air with 50 per cent. 

25 per cent death will occur in . f ^ - thout fatal results. The 
carbon dioxide can be breathed a n ventilated room are pro- 

ill-effects which attend breathing in * 

bably due to the increase of ‘ 0 | lim ] „f the gas at 0° and 

Water dissolves about 1 j time's it at 15 . 760 mm. In 

760 mm. pressure; and about ,l s " js dissolved bv the water 

the manufacture of " soda water solution effervesces 

under pressure-60-150 lb. per l e escape of the 

and froths when the pressure is released, owing V 

carbon dioxide. ii«„iv,.d carbon dioxide, and the existence 

All natural waters contain dissolvcd carnoii ui ^ Thl> reaction 

and growth of aquatic plants depe * ^ bw>n referred to on page 360. 

of such waters with calcareous r - liquefied. and it was first 

Carbon dioxide is comparatively ea> l > 
obtained in this state by I*arada\ u -• as> a commercial article 

Liquid carbon dioxide is now ma • /i )0 ,nbs) bv powerful compres- 
by pumping the gas into steel cyw < ^ u tilized'for making “ homc- 
sion pumps. Liquid carbon •• Imlbs sold for this purpose being 

made ” soda water, the sparhl 

filled with it. . , c _ nri . sSU re of 30 8 atmospheres lor 

At -6°, carbon dioxide requires a p ^ a , ,15 . 521 atmo- 

liquefaction ; at +5°. , 40 ' 4 a,l !"p. 1 .'Lu'-ff. d bv any known pressure, 
spheres; and over 32 it canno lllo i.ile liquid It floats oil water 

Liquid carbon dioxide is a < olour « . ;|( a tmo>pheric pressure, 

without mixing with it . It boils * - to \» S caiH* into the air from the 
If liquid carbon dioxide be allow. • which attends the rapid 

nozzle of the cylinder, the absorption « . . .olid is 

evaporation causes a poition o J'' jArr t | 1( . no/./le and inverting 
collected by tying a small canvas >* . minutes, quite a lot of 

the cylinder. By opening the no . - so |id can be shaken from 

solid carbon dioxide can be cn ^ examination. It crystallizes in the 
the bag into a cardboard box for examma 

cubic system. 

Properties of Solid Carbon MloW .|jke substance-" carbonic 

Solid carbon dioxide is a sol . . melting. but under a pjesmo 

acid snow." It evaporates m an J li«iuid It can be handled safely 
of 5 atmospheres it can be melted tu a liquid. 
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provided no pressure is applied. The effect ot pressure is to break 
the film of gas between the solid and the warm hand and cause a 
severe burn, or rather, a blister, resembling the blister produced by a 
bum. A horn spoon can be used for handling the material. 

Carbon dioxide “ snow ” dissolves in ether, and as the ether evapor¬ 
ates, a temperature approaching - 110° can be obtained in air, and 
- 140" under reduced pressure. The solution is a good conductor for 
heat, and serves as an excellent freezing mixture. A great many gases 
can be liquefied by passing them through tubes immersed in this 
mixture. 

Solid carbon dioxide is now a commercial product and is used as a 
refrigerant under the name of Drikold. It is convenient for this 
purpose since it leaves no residue. It is employed thus by itinerant 
ice-cream vendors and for the transport of perishable foodstuffs, e.g., 
by rail. Solid carbon dioxide is also used in the treatment of warts. 

Chemically, carbon dioxide is a rather stable substance and it is not 
easily decomposed. It is denser than air. and extinguishes the flame 
of most burning bodies. It is non-combustible. Certain very active 
metals, e.g., sodium, potassium and magnesium, will, however, bum in 
carbon dioxide. With magnesium carbon is deposited in black specks: 

C0 2 + 2Mg = C + 2MgO. 

This behaviour is possibly due to the high temperature causing slight 
dissociation of the carbon dioxide. Sodium when heated in a test-tube 
of carbon dioxide forms carbon monoxide: 

2Xa -f 2C0 2 = NaX0 3 -f CO. 

Potassium at 235 c yields some potassium oxalate: 

2K + 2CO., = K 2 C 2 O t . 

Carbon dioxide is fairly stable at high temperatures. When heated 
under atmospheric pressure, at 1300°, only <MM)4 per cent, is decom¬ 
posed; at l ion , 014 per cent.; and at 147S , 0*32 per cent. 

The solution of carbon dioxide in water exhibits feeble acid proper¬ 
ties and is therefore believed to contain the acid carbonic acid, H 2 C0 3 . 
carbon dioxide being consequently known as carbonic anhydride. 
Neither liquid nor dry gaseous carbon dioxide affects dry blue litmus 
paper, but if the paper be moistened it is coloured port-wine red. 
There can be little doubt, therefore, that in solution some of the gas 
forms carbonic .acid by combination with the water: 

IIoO 4- co 2 = h 8 co 3 . 

t'arbnnic acid is. however, unstable and has never been isolated; 
further, only a very small quantity of the acid is formed as is evident 
Iroin the low solubility of the gas in water. The system is in equili¬ 
brium when but a small proportion of the dissolved gas has produced 
H X O ;t . If a base be present, it will react with the carbonic acid and 
form a carbonate. More 11 2 0 and CQ 2 unite, and the resulting H 2 C0 3 
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U removed by the base » f». » * «*" 

dioxide in solution has been co ^f n r * ed JcfoH) , or H,C0 4 . is not 

known, although some ofocarbonaU f th , n „Mr, The 

“ « tSeSSto-. are ready m„ae»,hoa„«, 

J£SrSS£p31fi«* sodium hydroxide, there is to. 

formed normal sodium carbonate. 

2 NaOH + C0 2 = Na 2 C0 3 + H 2 U, 

hu, i, excess O, .he gas be passed through the solut.on, sod.um ht- 
carbonate results: .>v„urn 

h N h ,C ^u^o”sUktd lime"with carbon dioxide, which 
X^K^ncT"n r .hl«ud 7 o« hard water, ha, been d.seussed 

on page 280 . . . , hme are thus excellent absorbers ol 

Solutions of caustic alkalis.and I drQxide is a better absorbent 

carbon dioxide. In practice, p < .j um car bonate is less soluble 

than sodium hydroxide since .. . j t0 cr y S tallize out and block the 
than potassium carbonate and « 
tubes of a wash-bottle or absorption apparatus 

Detection and Determination ^ the standar d method for 

The action of the gas on lime65f5) is only rather sparingly 

detecting carbon dioxide. Sla vil l 1 ua Uy insoluble. If. therefore, a 

soluble, but calcium carbonate is co > ntact with carbon dioxide, 

sample of lime water is broug commonly said, the lime 

calcium carbonate is precipitated, or. as 
water is “ turned milky. n , m q 

Ca(OH ) 2 + C0 2 - CaCO, + ^ ^ gQ ^ 

The action of excess of carbon bicarbonate (cf. page 280). 

agalu owing .he J«-- “ c , (HCO>1 , 

CaCOj + ' * actio,, on baryta water (a 

Carbon dioxide is determined by t- known volume of the gas 
solution of barium hydrox.de-pafec (e . g ., air) is shaken up 

containing the carbon dioxide to b ’ ^ lume o( baryta water of known 
'with, or aspirated through, a ki^ carbo „ at e is precipitated and 
strength (usually about N o )• dt . tcn nined by titration wi i a 

the excess of barium hydroxid phenolphthalein as indicator, 

standard solution of oxalic acid, usi of carb on dioxide m the 

The determination in tins way Pettenkofer's method, 

atmosphere is sometimes described 
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§ 21 Uses of Carbon Dioxide 

Carbon dioxide is employed in a variety of ways in industry. A 
familiar use, for which large quantities are required, is the making of 
soda water and aerated drinks. It is employed in fire extinguishers 
on account of its property of extinguishing flames. In some forms, 
these contain an acid contained in a glass bottle, and a bicarbonate 
(usually sulphuric acid and sodium bicarbonate). The extinguisher 
is brought into operation by a blow on a plunger so placed as to break 
the bottle When the two substances mix, carbon dioxide is evolved 
and may be used to project a stream of water highly charged with 
carbon dioxide on to the fire. The foam type of fire extinguisher 
depends upon the formation of a stable foam of carbon dioxide bubbles, 
by mixing the water with a substance such as glue or alum which 
reduces its surface tension considerably. 

The use of liquid carbon dioxide in the steel industry tor hardening 
steel has been tried, particularly by the firm of Krupp. If liquid 
carbon dioxide is allowed to come into contact with molten steel in 
strong gas-tight chambers, a very high pressure of gas results which 
frees the casting from bubbles. Carbon dioxide is also used for pre¬ 
cipitating lime in the manufacture of sugar; in the Solvay process 
for the manufacture of sodium carbonate (page 582); and directly or 
indirectly in the production of white lead. There has also been much 
work done recently on the preservation of fruit in an atmosphere of 
carbon dioxide. This is being applied particularly to the storage 
of apples. Similarly it is used in the transport of “ chilled ” meat, which 
has been found to travel satisfactorily in an atmosphere containing the 
right proportion of carbon dioxide. It has also found application in the 
destruction of insects in grain silos. The use of solid carbon dioxide 
as a refrigerant has been mentioned earlier. Further uses of the solid 
are the shrinking of metal parts to form close unions (the converse of 
the usual tyre-shrinking process) where heat would have an adverse 
effect on the properties of the metal, and to prevent premature 
“ ageing ” of certain aluminium alloys, particularly rivets used in the 
construction of aircraft. 


$ 22 Carbonates 

Most metals form carbonates and a great many of these are found 
native. The only important metals which do not form carbonates are 
those whose hydroxides arc very weak bases, for example, chromium. 

Metallic carbonates are usually insoluble; those of the alkali metals 
being the only important exceptions. They can usually be prepared, 
therefore, by precipitation bv the action of a solution of sodium 
carbonate on a solution of a soluble salt of the metal, e.g., 

CuS0 4 4- Na 2 ('0 3 = CuC0 3 \ -f Na 2 S0 4 . 
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JStfS StSrt 

of the metal, e.g., " lime-burning, page <So4. 

CaCO a = CaO + CO,. 

Carbonates are decomposed by acids with 

The action of excess of carbon Wc «^'^ of the 
formation of bicarbonates, but \wth the ev e j non 

alkali metals they cannot, as a rule, k* iso * 1 • f importance, 

Many basic carbonates arc known, some of «h 
as, for example, white lead, which is usua * 

2PbC0 3 .Pb(0H) 2 , 

although it is not certain that it is a definite compound. (Cf. page 742.) 


§ 23 Carbon Monoxide, CO 

small quantities. Minute traces have found in tobacco 

gases, occluded in coal, and m 0 “ n V sufficiently large 

smoke, in chimney gases \s here « an d in the exhaust 

excess, in the gases from blast ^"^Y/^an lmportant constituent 
gases of internal combustion mi* • I)rud uccr gas (page 369) and 
of fuel gases such as coal gas (page Job), producer g U * 

water gas (page 370). 

Preparation in , argc quantities in the 

Industrially, carbon monoxide s ™csrribrcl 1,,-low (pagos. I)- 

form of producer gas and wat* r g« »* ,» lC uC tion of concentrated 

It can be prepared in tin* la bora _ . ic j t j (whereby the elements 

sulphuric acid cither on formic a< k ° :!i t . s Carbon monoxide is 

of water are removed); or on c ■ ■ s t ro ngly heat d carbon, 

also formed by passing carbon djo^d v 
but the process is not easy to carry out 

CO, + C = 2CO. 

, *k<. laboratory is the action ot 

The method usually employe * 

concentrated sulphuric acid on or j concentratc d sulphuric acid is 
A suitable quantity (say -0 . ) funnel and delivery tube as 

placed in a 500 c.c. flask, fitted wi ‘ J a cid dropped on to the 
in Fig. 19.18. The flask is heated and orim j s washed with 

sulphuric acid from the tap ,unn * traces of carbon dioxide and 
sodium hydroxide solution, to n j t can be dried by means 

sulphur dioxide, and collected ow ‘ * ca f c j um chloride, concen- 

of the usual drying agents, as, fo 
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trated sulphuric acid or phosphorus pentoxide. The reaction taking 
place is the withdrawal of the elements of water by the sulphuric acid: 

h 2 co 2 -h 2 o = co. 



If oxalic acid is used it is desirable to use a second wash-bottle 
containing sodium hydroxide solution since the volume of carbon 
dioxide formed is equal to that of the carbon monoxide: 

H 2 C 2 0 4 - H 2 0 = CO + C0 2 . 

Carbon monoxide is also sometimes prepared by heating potassium 
ferrocyanide (page 864) with 10-20 times its weight of concentrated 
sulphuric acid, but a rather high temperature is required. The reaction 
is usually represented by the equation: 

K 4 Fe(CN ) 6 + 8H 2 S0 4 + 0 H 2 O = 

3(NH 4 ) 2 S0 4 + 4KHS0 4 + FeS0 4 + 6 CO, 

but it is probable that it takes place in stages. Hydrocyanic acid is 
thought to be first formed, and then hydrolysed to formic acid and 
ammonia. The former is then dehydrated by the sulphuric acid as 
above: 

K 4 Fc(CN ) 6 + 5H 2 S0 4 = 6 HCN + 4KHS0 4 + FeS0 4 
6 HCN + 12H 2 0 = 6H.C0 2 H + 6 NH 3 
ON H 3 + 3H 2 S0 4 = 3(NH 4 ) 2 S0 4 


6 H.CO 0 H = 6 CO + 6H 2 0. 



Summarized, these four 


the one given above. 
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I ! Reduction 

! eo a to co 

1 Oxidation 

j C to C0 3 


Primary T/ J / W, 
air K Firebars % 


§ 24 Producer Gas 

Producer gas consists of a mixture ol carbon monoxide and mtrogem 

STiSSl h hi"S^Ulue is not very high. 

distribution would be uneconomic. It is charging 

usually made, therefore, i>i situ, as w cn 

required for heating the retorts m gas ^ H 

works (page 350). The apparatus in tpA 

which this gas is made is called a pro- m 

ducer, and is illustrated diagrammati- ^ g ^ 

callv by Fig. 19.19. . Ifl/ 

The producer consists essentially ot a 
laree air-tight cylindrical furnace made PetjuC ti 0n 

of g sheet iron lined with firebrick, pro- «■! * »* 

vided with an orifice at the base through 
which air can be blown, and an outlet 
for the producer gas at the top. Devices «***J/W M 

are provided to enable fresh coke to be -J- YM L- 

added at the top and ash to be removed ric i».ni._Gas I’roducci 

at the bottom, without a'hmssion ( > (which rests on tire- 

unwanted air. The producer is h k d vathLO ^ ^ ^ Thc air, 

bars at the bottom) and air is oxidizes some coke to 

when it first enters the producer, probabh ox.u. 

carbon dioxide: ~ rri 

C 4- Uj = co 2> 

i . ,where it is reduced to carbon 
which passes farther up the lurnace «hc 

monoxide by the excess of reel- io cu ** 

CO, + c ^ *CO. 

. * |i. ( nroducer a gas consisting essentially of 

There thus passes out of th 1 usot j 

carbon monoxide and nitrogen from ‘ - t j producci between 

There is. in fact, an equilibrium iXa.«l by tin- !ast equation. 

carbon dioxide and carbon mono ' , | 0 carbon monoxide, for 

The relative proportion of cm f or instance, any 
equilibrium, is determined by “ J jj (>x j<ic when heated in the 
mixture of carbon monoxide and carbon du 

presence of carbon produces at. , Vl telll t» v volume 


t* i G . |*i. Ml.—Gas Produce! 


Temperature ' 118 

450- 7 o U 

750• iu-C 04 

. 0 i •. produce! be in thc vicinity 
This shows that if the tempera . V 0 ht a ined; ami conversely, 

of 450', very little comb^t'ble g ■ m;ixjl)U)in possible amount of 
in the vicinity of lUtw . m- a y 
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combustible carbon monoxide will be present. Hence the temperature 
of the producer should be about 1000 ° in order to get the maximum 
yield of carbon monoxide with a minimum loss of heat. 

A considerable amount of heat is liberated in the producer, and so 
the gas comes off at a high temperature. The gas, therefore, should 
not be allowed to cool before being used, or this heat will be wasted. 
This is an additional important reason for the production of producer 
gas in situ. 

When producer gas is used for heating a retort bench or lumace, 
the bed of the latter consists of two parts, viz., the producer proper 
and a combustion chamber. In the former air is admitted in such 
amount as will form producer gas (this is known as the primary air); 
while in the combustion chamber what is called secondary air is ad¬ 
mitted in suitable quantity so that the carbon monoxide burns to 
carbon dioxide. An example of this is furnished by the furnace 
employed for heating the retorts in the gas works (page 350). 

§ 25 Water Gas 

When a current of steam is blown through a bed of hot carbon (say 
in a gas producer), the two interact, forming hydrogen and carbon 
monoxide: 

C + H.,0 

The resulting mixture has a very high calorific pow'er and it is called 
water gas Water gas is almost free from diluting nitrogen. If the 
reaction txcurs below r 10IK) , carbon dioxide begins to accumulate in 
the gas. and this the more the lower the temperature of the reaction. 

The billowing table (XXIX), due to Bunte, shows the proportions 
ol the gases formed at various temperatures. 


Iable XXIX.-— Effect of Temperature on Formation on the Composition 

of Water Gas 


Temperature 

Per cent 
ot steam 
decomposed 

Percentage composition ol gas produced 

Hydrogen 

Carbon 

monoxide 

Carbon 

dioxide 

<>74° 


65-2 

iKSI 

29-8 

1010° 


48-8 


1*5 

1125° 


50-9 

m 

0*0 


As was the case m the manufacture ot producer gas, it is necessary 
here also that the temperature of the coke should not fall below 1000 c . 

Tin- reaction which forms water gas proceeds with absorption of 
heat, that i>, it is an endothermic reaction (page 216), as is shown by 
the equation: 

C + Il a O = CO -f H # - 29 Cals. 
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Hence, it follows that when steam is blown over incandescent coke m 

order to make water gas, the temperature “ in order to 

therefore, necessary to provide heat from another sou o i 

maintain the temperature of the producersuffic.ontly 
undue amounts of carbon dioxide accumu. g producer is 

reaction. In modern water-gas tinned for 

raised to incandescence by a blast oai until tlie 

about two minutes. This is followed by a et o si 
temperature falls to dull redness-s/^m - cotued.or 
four minutes. When the air blow is in Pto deflect 

making water gas, and. in consequence, a darner 

the stream of gas from the P r «^ 11 ^sometimes combined and 
The two operations des.:rto abo e.arc ; nr, (h( . fue , hot . Thc 

just enough air is mixed with th • , ar „ er proportion of carbon 
resulting gas contains nitrogen « as semi-water gas. 

monoxide than water gas. and is k j though a valuable 

Water gas burns with a ourr- " “ -.. 

heating agent, it is useless foi lig g 1 ■ n(Ui< Hence. if water ga< 

in conjunction with, say. an in< a,u 1 * . . w itli hydrocarbon 

is to be used as an illuminating ag» 11 • * * | j u . mixture is called 

gases which do not condense on « ^ ^Hniretting is conducted as 
carburetted or enriched tutor • products combustion 

follows: When the air blast i* m l ,r ‘*• , , a tower containing 

from thc top of the producer am 

chequered brickwork, and ‘all work called the superheater, 

tower also containing chequi-H * 1 . * y \ Xi . temperature 

and thence into the air. 1!he resu «f The air valve 

of both towers—the carburctUi a t j, a t the superheater is put 

at the top of thc superheater n* <» * resembling thc st rubber of a gas 
in communication with a third o 1 directed into the top of the 

works. A spray of oil is ^ ^t^Wer. A- the water gas 

carburetter, and steam is bh>\ ( |i«* oil is decomposed 

and oil pass down the hot ca ro niplctcd in the superheater. 

“ cracked "-and the dccomijosit *n l. ^ \ ^ w)lidl t ,„ Mot liquefy 

In this way, the oil is transform a j u .j m the scrubber, ami 

when cooled. The gas is punhed and 
thence passed to thc* gas-holder. 


Formula .... r . irl)on dioxide contains its 

In § 20 (page 301) it has been showni (ij(lin|n ,. u . r cxp.riment, it 

own volume of oxygen, by mc * j _j>on monoxide will unite with 
can be shown that two v 011110 ^ j (lin( . s „| carbon dioxifk. Heme, 
one volume of oxygen to form ' , . ,,j « :u |,on monoxide and oiu 

by Avogadro's hypothesis, two di<jxi de. 1 he formula 

molecule of oxygen give two molecules 


, 26 Formula and IToprr.lr, of Clou »>«»»“< 
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of the latter being C0 2 , that ot the former is therefore CO. This is 
confirmed by the vapour density, which is 14 (H 2 = 1). 

In the vast majority of its compounds carbon is found to be quadri¬ 
valent ; but it cannot be so in carbon monoxide unless oxygen is also 
quadrivalent. In consequence it was formerly assumed that in carbon 
monoxide the carbon is divalent with two “ sleeping ” valencies. 
This is in agreement with the readiness with which carbon monoxide 
can form addition compounds (see below). 

The interpretation ol this conclusion in terms ol the electronic theory of 
valency (Chapter IX) has given rise to controversy, since the formula C = O. 
translated into terms of electrons, etc., becomes: 

o 

tC : § O % 

e 

A compound ol this structure would, however, have a large dipole moment 
(page 1411) since it has four electrons at one end and two only at the other, whereas 
experiment shows that carbon monoxide has zero dipole moment. This has been 
explained by the formula C O. which, in terms of electrons, becomes: 

: C : S $ O S 

This is supported by the fact that in the known addition compounds of carbon 
monoxide, it behaves as a doitot but not as an acceptor. Thus, it does not combine 
with water oi ammonia, while it forms addition compounds with chlorine, and 
many metals, such as nickel. Also the physical properties of carbon monoxide 
resemble those of nitrogen and this structure is also similar to the structure of 
nitrogen. N N. or 

: N :! : N : 

Properties 

Carbon monoxide is a colourless, tasteless, and odourless, poisonous 
gas. One volume of water dissolves about 0*035 volume at 0°, and 
about o*o23 vohitn.? at 20 . Tlu* gas condenses to a colourless trans¬ 
parent liquid at - 102 . at atmospheric pressure; the liquid solidifies 
at - 207 . W hen a lighted taper is plunged into the gas, the taper is 
extinguished (non-supporter of combustion), but the gas is inflamed 
(combustible), and burns with a blue flame. The blue lambent flame 
whieh appears on tin* sin fare of a dear red coke (or coal) fire, or over 
tile ignited lime in a lime kiln, is rurlxm monoxide. 

On burning in ail or oxygen carbon dioxide is formed: 

2C0 + O a = 2C0 2 . 

Mixtures of air or oxygen with carbon monoxide are highly explosive 
in the ordinary way; but the explosion does not occur easily if the 
mixture w absolutely dry. This was the tirst well-investigated case 
of the etlect ol intensive drying (see page 21)0). 

f arhon monoxide is a stable gas and is not decomposed by rise of 
temperature. It is generally regarded as a neutral oxide, although 
it i <»mbuie> with sodium hydroxide when heated with it under pressure. 
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Carbon monoxide readily forms addition P lc q( (his Thus it 
of carbon dioxide when it burns in air s ‘ P „ ases is exposed 
will combine with chlorine, when a mixture _ forming phosgene 
to light, particularly in the presence of charcoal, lorming P 6 

or carbonyl chloride: ^ + = coclj 

Similarly, a mixture of carbon monoxide and sulphiiJoVap^ react - on 
passed through a hot tube forms car > when it burns. Again, 
analogous to the formation of car on ■ atmospheres, 

when heated to 200' with solid caustic soda at Mow y 

sodium formate results: vT 

NaOH + CO = H.CO.Na, 

This reaction is now used commercial^ 0 f this 

an addition product with cuprous be used as absorbents for the 

salt in hydrochloric acid or ammoniac n b .l with ccrta in 

gas. Carbon monoxide also f” rms *' - u f the Periodic Table), 

metals (particularly some of those «n GrouP ^o ^ ^ ^ 

Nickel carbonyl is employed in the extracuu 

(page 873). . . . t . rp ,i,trine agent, and when passed 

Carbon monoxide is an import* reduces them to the metals 

over the heated oxides of many ‘ h production of iron in the 
themselves. It plays an essential part in 1 

blast furnace (page 840). - son When it is respired in the 

Carbon monoxide is an acti‘ P jn G j thc blood, forming a bright 

lungs, it unites with the hat n fc : . haemoglobin, which prevents 

cherry-red coloured compound. « - k Q f oxidizing waste tissue, 

the haemoglobin performing ^ ^ ' . su fl', c j e nt to cause death 

Less than 1 per cent, in the atmospn taining of 1 per cent, 

when inhaled. J. S. Haldane says on eX crtion if breathed for 

of carbon monoxide will produce g * r ct . n t. makes one unable to 

from one-half to two hours; aru ■„ ^ • , iess an d perhaps death ; 

walk ; | of 1 per cent, leads to los. of consemu i ^ ^ |cad t un 
$ of 1 per cent, means probable c . c ‘ ’ j before long by death. l*atal 
consciousness in a few nunutes. followed monoxide when its 

accidents have arisen from the formed when a gas flame is 

presence has not been suspectec . j n some “ patent water 

exposed to a cold surface as m ( .tcin slow combustion 
heaters " used in ill-vent dated x present in places where gas 

stoves, and charcoal pans It vit h an escape ofcoal gas. water 

producers are at work ; and n „ after-damp " in coal mines is 

gas, etc. The poisonous character oxid< . a i on g with the carbon 

owing to the presence of some ca fire-damp or coal dust; in air 

dioxide formed during an cxposionof fir( .*. e tc. 

after the use of explosives for blasting. .,i rator s containing a mix- 

Carbon monoxide can be a>*orbec ^ K . r oxide (30 per cent.), 

ture of manganese dioxide (•> I” 
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cobaltic oxide (15 per cent.), and silver oxide (5 per cent.), known as 
hopcalite. This catalyses the oxidation of the carbon monoxide by the 
oxygen of the air. 


§ 27 Detection and Determination of Carbon Monoxide 

The detection of carbon monoxide is not easy. (1) A piece of white 
filter paper moistened with a solution of palladous chloride is turned 
pink, green, or black, owing to the reduction of the chloride to the 
metal. The intensity of the tint is proportional to the amount of 
carbon monoxide in the given atmosphere (freed from ammonia and 
hydrogen sulphide). 

(2) Iodine pentoxide is reduced by carbon monoxide at 90°: 

5CO “f* 1 2^5 — In - } - oC0 2 . 

This reaction can be used for the determination of carbon monoxide, 
and it is a sensitive test for the gas. The liberated iodine gives a violet 
solution with chloroform or carbon disulphide, or it can be absorbed in 
potassium iodide solution. 

(3) Vogel’s blood test is considered the most reliable. If ordinary 
blood be diluted with 200 times its volume of water, a yellowish-red 
solution is obtained; with blood containing carbon monoxide the 
solution is distinctly pink. 

The spectrum of haemoglobin in normal blood shows two absorption 
bands, which disappear on the addition of ammonium sulphide, and 
a single band is seen in between these positions. Rlood containing 
carbonyl haemoglobin gives a very similar spectrum to haemoglobin 
itself, but ammonium sulphide does not cause any marked change. 
Hence, if a sample of diluted blood is treated with air suspected of 
containing carbon monoxide, followed by addition of ammonium 
sulphide, the presence of two absorption bands is evidence of the 
presence of caibon monoxide. 

In ordinary gas analysis, the proportion of carbon monoxide in a 
mixture may In* determined by first removing acid gases such as 
carbon dioxide by means of a solution of potash, and then absorbing 
the carbon monoxide in ammoniacal cuprous chloride solution. 


$ 28 Uses of Carbon Monoxide 

Carbon monoxide, usually either in the torm of producer gas or 
water gas. has many technical applications. One of the most important 
in the extraction of metallic nickel from its ores, where its use depends 
upon the formation and subsequent decomposition of nickel carbonyl 
(page S73). It is employed in the manufacture of formates (and hence 
oxalates), by action on sodium hydroxide under pressure. When 
mixed with hydrogen (in the form of water gas) it readily forms 
methane by passage over nickel at a temperature of about 300°. 
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X-M I. hl» even <“ z: "ST^iS 

waj^thus making it'much less poisonous and 'n c «wmg its cabnhc 

alcohols and other «««"« command, J d „„ d „ 

atoms can be obtained, inis mix 1 manufacture 

the name sy»/W. Carbon monoxide . > a use- or 

lof phosgene which is used in the ye i \ \ ^ a re ducing agent in 

abuse—in chemical warfare. It. I : . • \ cin „ extended in 

metallurgy has already beer. men,^^r^unds. 8 The use of 
some quarters to the reducti « e of reat importance and wide 
carbon monoxide as a fuel is, of c 

application. 

§ 29 Carbon Suboxide, C 3 0 2 

This is made by the act.on o. phosphorus pentoxidc on -Ionic acid: 

CH,(CO,H), -2H,0 = C s O,. 

n ., odour, which condenses to a 
Carbon suboxide is a colourless gas. « *, j t burns with a blue, smoky Home, 
liquid at 6°, and decomposes whn c neratcs nialonic acid, so that it ma> 

forming carbon dioxide. With water it rcgenera 
be regarded as malonic anhydride. 


§ 30 Carbon Disulphide, CS.., 


Pre-heater 


Carbon disulphide was discovered by W. 
while studying the action of py 

D^sormesrediscovered it in IKO— 

It is formed when sulphur vapour 
is passed over red-hot carbon, in 
the form of charcoal or coke: 

C + 2S = CS*. 

It is not easy to prepare in the 
laboratory, but is an important 
article of commerce. 

In the manufacturing process 
(Zahn's) the sulphur is incited 
and then run into a preheater 
(Fig. 19.20) which is cast in¬ 
tegrally with the retort proper. 

The sulphur is thus vaporize 
and passed into the retort whic » 


A. Lampadius in 171b> 
carbon. Clement and 


"Molten Sulphur 


C$ 2 

Vapour 



]~Charcoal 


1 . 1C , y go— Zahn's Process 
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contains charcoal heated to 900°. The carbon disulphide is condensed 
in long condensing coils and purified by fractional distillation. 

In Taylor’s electric process (1899) a cylindrical furnace 40 ft. high 
and 16 ft. in diameter is packed with coke from the top, Fig. 19.21; 

the coke is renewed through the side 
hopper C. An alternating current 
is sent through the electrodes E set 
at right angles to one another at 
the base of the furnace. The heat 
melts the sulphur on the floor of the 
furnace; the vapour of sulphur 
rises through the coke, forming 
carbon disulphide. Fresh sulphur 
is introduced through the hopper 
as shown in the diagram. The car¬ 
bon disulphide passes off at the top 
of the furnace, and is condensed in 
condensing coils. 

Carbon disulphide, if pure, is a 
colourless, mobile, refractive liquid, 
with an aromatic smell not at all 
displeasing, although the smell of 
commercial carbon disulphide is 
usually disagreeable and rancid. 
Light slowly decomposes the pure 
liquid in such a way that a small 
quantity of some product—possibly 

Fig 19 21.-Taylor's Carbon a polymer—is formed which raises 
Disulphide Furnace the boiling point of the liquid and 

produces an unpleasant smell. Air 
also seems to affect it, particularly if the temperature is raised a 
little. So sensitive is purified carbon disulphide to these influences 
that it has been said: pure carbon disulphide is an ephemeral product. 
If breathed constantly, in small quantities, carbon disulphide is 
injurious to health, and in large quantities, fatal. Its specific gravity 
at 0 is 1*292. It freezes at -111-6 *; and boils at 46*27°. 100 grams 
of water at o dissolve 0-242 gram of carbon disulphide; and at 20’. 
0-2IO gram. Most of the alkali salts are insoluble in carbon disulphide; 
several salts of other metals are sparingly soluble in this liquid. Carbon 
disulphide is extremely inflammable and .is it ignites at a very low 
temperature (a hot rod is sufficient to ignite it) it is a very dangerous 
substance and must be handled with great care. The vapour forms an 
explosive mixture with air or oxygen. Carbon disulphide mixes in all 
proportions with alcohol, ether, benzene, and essential oils. It is also 
a good solvent for sulphur, phosphorus, iodine, bromine, camphor, 
gums, resins, waxes, fats, and caoutchouc; and it is largely employed 
in the industries on account of its solvent properties. It is also used as 
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an insecticide A very important use now is in the manufacture of 

on account of their analogy with the carbonates. 

CS, + Na,S = Na.,CS 3 . 

§ 31 Carbon Tetrachloride, CC1, 

di^^IidecOTtain^^liUl^iodlncor^umhiium chlorid”in\us^nston; 

CS. + 30, = CC1, + SjClj. 

JydisU^ 

and redistillation from bleaching ! M>U< ,-onimerciallv as a solvent 

Carbon tetrachloride is^ "”J ' fabrics, bones, oleaginous seeds, 
for fats— degreasing woollen an 1 m , ul „ ;llnm .dde. Carbon 

...—v 

non-metal, it is not readily ^ <)( silicon tetrachloride (page ,-><>) 

respect may be compared u»t 4 i t |, () f wliioti are decomposed 

and phosphorus trichloride (P a My '*' ' os .>eciallv in presence of iron 

by cold water. When h«j-ated \\i yielding phosgene (carbonyl 

or copper, carbon tetrachloride is attacked. >« 

chloride): , H ,0 « COCI 2 + 2HCI. 

, V . motals owing to the formation of hydro- 
In these conditions it atta< hs 

chloric acid. V t,..i«uvelv in the dry-cleaning industry. 

Carbon tetrachloride is used aU » solv( . nts on account of its non- 
where it is preferred to hv< r< « J|re rX tinguishers (e.g.. umler the 
inflammability. It is um <1 a s inkels t | ic fire by excluding the air. 
name Pyrene) ; the heavy va P J 


§ 32 Cyanogen and its Compounds 


the — CS 


There is a considerable group «« - 

or -NX radical, which are of unpcjrta. 
point of organic chemistry. \ / 

in inorganic chemistry. 1 he radiial - 
in its reactions to a chlorine a « » 4 

whose behaviour as a g roU P ,c 
clearly recognized. 


K1 was . . | 

that of a single atom, to be 
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Cyanogen, C 2 N 2 

Cyanogen was first isolated by Gay-Lussac in 1815 by the action ol 
heat on silver cyanide. 

Morren (1S59) and Berthelot (1879) showed that cyanogen can be 
obtained directly from its elements by sparking carbon electrodes in 
nitrogen gas; and cyanides are formed, as indicated on page 395, by 
heating the two elements in contact with a metal—preferably of the 
alkalis or alkaline earths. The endothermic reaction is symbolized: 

2C + N 2 = CjNj- 82 cals. 

Cyanogen is a gas made by heating mercuric or silver cyanide in a 
hard glass tube; mercuric cyanide is, on the whole, more convenient: 

Hg(CN) 2 = Hg + CoN 2 . 

1 he gas can be collected over water, but it is somewhat soluble and so 
is best collected over mercury. The yield of cyanogen is much less 
than the theoretical owing to the formation of a dark brown powder 
called paracyanogen. This substance appears to be a polymer of 
cyanogen (CX) N . because, if heated to about 850 w , it gives ordinary 
cyanogen. If the mercuric cyanide be mixed with mercuric chloride, 
the cyanogen comes off at a lower temperature, and less paracyanogen 
is formed: 

Hg(CN) 2 ■+• HgCl 2 = HgCl 2 4- (C 2 N 2 ). 

A convenient method for the preparation of cyanogen (though it is 
liable when prepared thus to contain traces of carbon dioxide and 
hydrocyanic acid) is to add a solution of potassium cyanide to a warm 
solution of copper sulphate. Cupric cyanide, Cu(CX) 2 , is first formed 
as a yellow precipitate, but it at once decomposes into cuprous cyanide, 
CuCX, and free cyanogen: 

CuSO, -f- 2KCN = Cu(CN)* 4- K*S0 4 
2Cu(CX), = 2CuCN + C 2 X 2 “. 

This reaction closely resembles that between copper sulphate and 
potassium iodide (page 919). 

Cyanogen is a colourless poisonous gas with a faint odour which 
reminds some people of the smell of peaches. Cyanogen burns with a 
violet-colonred llame, forming carbon dioxide and nitrogen. It con¬ 
denses to a liquid under a pressure of four atmospheres at ordinary 
temperatures, and at ordinary pressures it furnishes a liquid boiling 
at - 20-f>“. The liquid freezes to a white solid melting at -34-4°. 
The gas has a vapour density of 26 (II 2 = 1), which corresponds with 
the molecule <\,N 2 . The graphic formula is probably N = C—C = X. 
Cyanogen dissolves readily in water. The aqueous solution deposits 
a peculiar brown flocculent mass—azulmic acid—on standing; 
ammonium oxalate, hydrogen cyanide, and carbon dioxide are formed 
at the same time. Cyanogen unites directly with the alkali metals, 
forming cyanides. 
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When passed into a solution of potassium hydroxide, potassium 
cyanide and potassium cyanate are formed. 

2KOH + C 2 Nj = KCN + KCNO + H 2 0, 

a reaction analogous to that of chlorine (1^512)that^l 
similarities to chlorine and the a ^ p js somet imes 

cyanogen compounds contain the g P * * 
represented by the symbol Cy. 

§ 33 Hydrocyanic Acid, HCN 

K. W. Scheele discovered 'he'”e Ih?old"nOTe! 

by healing solphunc mode ,hc anhydrons compound. 

K ‘A. “VWL r « 

.^fctXoun”a“Tbe”uc.»dc »»««'» «**> is found in WW 

almonds and other plants. distilling a mixture of powdered 

Hydrogen cyanide is > o( l .qual volumes of sulphuric acid 

potassium cyanide with a "J ,xt VJ e .® a considerable amount of 

and water; if. concentrated acid be used^ through a U-tube 
carbon monoxide is evolved. } t i ic water. The dry hydrogen 

containing calcium chloride to n IK | ed by ice; and the gas 

cyanide is led through a L- 11 L ; s j s a i so made by passing 

condenses to a colourless 1 ^ cyan idc and condensing the 

dry hydrogen sulphide over hydrogen cyanide is one of the 

vapour to a liquid as before. . * oat carc must be taken in 

most deadly poisons known, and tin indc ed. with cyanides 

experiments with hydrogen cyanuk / ^zes at - U to a white 
.generally. The liquid boils at -<> ■ '* , ions and the solution has 
'solid. It dissolves in water in all F . llnu)11( is. The anhydrous 

the smell familiarly associate * wra j. a cid indeed, and so its 

acid is a colourless liquid. * ‘ at , U cous solution. It is used in the 
salts are strongly hydrolysed 1 in an d for spraying fruit 

fumigation of ships to destroy rats and 

trees. It . ...i,;,!, are known as cyanides, the 

Being an acid, it ionns salt*h ^ cyanides which are 

most important of these are so ‘ c y a nidos of other metals are 

much used in industry (see page w ith potassium cyanide. 

usually made by double dccomposit.on ^ to for m complex 

Metallic cyanides are notewor y v;|llj(k , s (S ee page «<>•<). are 
ions. Some of these, notably ferrocyanidcs of copper and iro 

stable, while others are less so lh _ |7i; aIl d «(-,;{); while the ust 

are of interest and importance (sec pag^ ^ si , vcr and gold from their 
of potassium cyanide ,n . t K j ' ' at i 0 „ of complex ions with silver am 
ores depends also upon the 
gold cyanides. 
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Hydrocyanic acid and the cyanides can be formulated either as 
H—C = N where the hydrogen is attached to carbon or as H—N zt C 
where the hydrogen is attached to nitrogen, and organic derivatives 
of both are known. The exact formulation of the latter form has 
given nse to controversy in the past; it is now believed to be as 
shown, that is, analogous to carbon monoxide. 

The acid itself is thought to be an equilibrium mixture: 

HCN ^ HNC. 

with the latter predominating. The corresponding electronic formulae being 


h?c;n; and HSNjc: 

X 

the cyanide ion is identical lrom whichever torm it is derived, viz.: 



which is in accordance with the chemical behaviour ol cyanides in solution. 


§ 34 Cyanic Acid and Cyanates 

Cyanides, such as those of potassium and sodium, are found to be reducing 
agents (page 594) when fused. 1 hus, for example, metallic oxides, such as litharge, 
are converted into the metals, while the concomitant oxidation of the cyanide 
produces the corresponding cyanate: 

KCN + PbO = KCNO + Pb. 

Cyanates are also formed, as already mentioned al>ove. by the action of cyanogen 
on solutions of potassium or sodium hydroxides. 

Potassium cyanate is usually made by heating the cyanide with an oxidizing 
agent (e.g., litharge, red lead, or potassium permanganate). 

The potassium evanate is extracted by lixiviating the mass with dilute alcohol, 
and concentrating the alcoholic solution by evaporation. Potassium cyanate is 
a colourless crystalline powder readily soluble in water and in dilute alcohol. 
The aqueous solution readily decomposes: 

KOCN + 2H t O = NH, + KHCO,. 

The corresponding acid. HOCN. decomposes so rapidly into carbon dioxide and 
ammonia: 

HOCN + H,0 = CO, + NH,, 

that cyanic acid cannot be prepared by the decomposition of its salts with 
mineral acids. 

Pure cvanic acid is a colourless gas which condenses in a freezing mixture to 
an unstable liquid It is obtained by heating cyanuric acid. H,C,N,0,. which 
is ioimed when urea is distilled On keeping, it soon repolymerizes to cyanuric 
acid: 

3HNCO^ H,C,N,0,. 

Ammonium cyanate is ol historical interest and importance, since, on heating, 
it passes into urea, this being the classical experiment by which in 1829 Wohler 
showed that there was no essential distinction between inorganic and organic 
chemistry. 
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§ 35 Combustion and Flame 

The subject of combustion ^ of the 

history of the elucidation 0 ' ‘ b referred to in Chapter 1, 

Phlogiston Theory. These matte s^have bc^ ^ ^ way for him> wl , 

and Lavoisier s work, and th ‘“ -, { Meanwhile, some account 

Site ph.nojro'rcois.i;; itself ami of .he nature of «»- « 

place at a high temperature• ai ‘ tur e of the reaction. I his can 
sufficient heat to maintain • -.j ar eX amples. . 

be understood by reference - * ,‘| ^urns in air. It has to be 

Thus, carbon in the order to start the reaction: 

heated to a temperature of about 

C -f Oo = C0 2 + cals - 

* 11 . hoal is evolved when this reaction 

As the equation shows. cons “)°™ in fact to keep the charcoal at a 
takes place, more than su reaction to continue, 

sufficiently high temperaturej^not burn in air. If its temperature 
But a substance like mercury , ica j experiments of La\oisitr, 

is raised suitably it will, as in> tte mercuric oxide (page o44) 

combine with the oxygen o process is insufficien o 

“c. 1 .-«.!»««. * 

in air or oxygen only. 5 sc lf-maintaining reactions a c k 

wav it is used to cover all sen " , hat f„r example, we sptax 

SSTdevelopment of light^^Magnesium in carbon diox.de (page 
of the combustion (or burning) ot b 

"S'is customary and convenient b Xs"whcn a M of 

ing upon which gas is being * 1 

atmosphere surroundine^^ ^ yxp< ri ™™ 1 ' K . dosed al „„ e 
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Fig. 19.22. 
Reciprocal 
Combustion 
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diameter. The air holes of the bunsen burner are closed; the gas is 
turned on and the opening in the asbestos is closed by laying a piece 
of cardboard loosely on the hole. In a few minutes, 
A the apparatus will be filled with coal gas. Light the 

__ n o gas as it issues from C, and simultaneously remove 

the cardboard which was closing the hole in the 
asbestos. The flame will pass up the tube drawing the 
air after it. The upward current of gas causes an up¬ 
ward current of air in the tube C which burns with a 
feebly luminous flame in the atmosphere of coal gas. 
The excess of coal gas issuing from the opening in 
the asbestos may be ignited, and the two flames show 
air burning in coal gas, and coal gas burning in air 

Flame 

The development of flame during combustion is 
quite an accidental feature. Iron burning in oxygen 
gives no perceptible flame. The intense light is due 
to the incandescent solid. Similar remarks apply 
generally to the combustion of solids which are not 
volatilized at the temperature developed during com¬ 
bustion. On the other hand, phosphorus, sulphur, bitumen, fat, wax, 
etc., burn with a flame because these solids are volatilized at the 
temperature of combustion. 

The flame of most of the combustible gases has quite a characteristic 
appearance sulphur burns in air with a lavender-blue flame; burning 
hydrogen is scarcely visible in bright daylight, provided the gas and 
air are free from dust; carbon monoxide has a rich blue flame, silicon 
hydride a pale green flame, the cyanogen flame has a delicate pink 
tinge, acetylene burns with a highly luminous yellowish flame, while 
marsh gas burns with a feebly luminous yellowish flame. 

It will be obvious that when a stream of gas issues from a tube, the 
gas can only burn .it it> surface of contact with the air. The shape of 
the flam* lSMiing from, say, a circular jet is due to the fact that as 
the gas issues from the jet, a ring of gas. so to speak, next to the tube 
burns first; before any more gas can come in contact with the air 
and burn it must rise past the first ring of flame, and each successive 
layei of gas has to pass higher and higher before it can find the supply 
of air necessary f<»r combustion The flame thus assumes the form of 
a cone. 

It would be anticipated from the foregoing that in the interior of 
such a cone of flame, where the gas cannot come into contact with the 
air. and hence cannot react with it. there will be a region of unburnt 
gas 1 his i^ easilv shown to be the case bv experiments such as the 
following: 

1 i >•»» M'l’tioiiN ol llit* flame can he shown by depressing thin sheets ol asbestos 
paper isay. 15 cm square) tor a few moments on the flame of, say, a bunsen 
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burner protected from draughts. The hotter g °* v hen the paper is held 

— ~ — “K&SX: C“.af “fit * 

n more or les* elongated cone .1 the 

A paper be held vertically in the flame H i) 

fflfc *4 Fie. 19.23 The particular flame \ / H 

fyljk figure ° produced depends on the part \/ J -j 

f 1 oF the flame in which the paper is #300C3ZD 

* *A B held. (N. Teclu (lsill).) | 

iq 91 (2) A 5-7 cm. funnel is connected 

Fig. 19.23. -.l „ a <i supplv as illustrated m 

Flame Sections £j‘ h ‘J'f The P broa<l mouth of the 

funnel is covered w.tha piece ol 4 % 

gauze. A small c ? n '^ al h f c “L°'|“ zt ! The gas" is turned on. 
placed on the middle of the yau i ovc downwards 

£7hru°st throughVheflame'and laid on -he heap o, gun- 

powder without being ignited F,G. 19-24. 

Flames di«c, con.ido.ably in .ho *.n. °< 

ay^sac^^tSSS^ * ■ - c “" 

gas flame). 

lx.. i-* -irrs /a \ 

reaction „ ^ q m o y 'U 

2H, + 0 2 = 2H/J ¥T 


is taking place. This is the simplest kind of flame 


Fig. 19.25. 
Hydrogen 
Flame 


Double-mantled Flames Flame 

The flames of burning ^‘^“[J^iomplicated series of reactions 
complex, however, owing t 

which are taking place m them. , flame (that is, the lumimu* 

In a candle flame (Fig. I? -<>>< >r “ . ? conccr ning which see below, 

afss' txszzp - 

(i) the dark. ,»no. *>« manlle; 

(ii) a yellowish-white brigh > o( the , 1aine; 

(hi) a small bright blue region .1 enveloping the rest of 

(iv) a faintly visible outer mantle compici y 

the flame. 
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Candle Flame 



Fig. 19.27.—Flames of Coal Gas 

In the case of the gas flame, when the flame is gradually lowered, 
the inner luminous sheath gradually diminishes in size, and finally 
disappears. At the same time, the blue region at the base becomes 
continuous right across the flame. Fig. 19.27. 

I he chemical reactions which occur in the flames of burning hydro¬ 
carbons have not been satisfactorily elucidated, although a little is 
known. lapping the gases from different parts of the flame by means 
of platinum or porcelain tubes connected with an aspirator is not very 
satisfactory because of the changed conditions arising when the reac¬ 
tions take place in contact with solids. Hence, the *' proof ” that the 
flame of burning hydrogen sulphide contains free sulphur, and that 
the luminous mantle of burning hydrocarbons contains free carbon, 
because a cold dish held in the flame receives a deposit of the respective 
solids, is <juite unsatisfactory. It is conceivable that the hydrogen 
sulphide flame contains free sulphur, and the hydrocarbon flame free 
carbon when cold porcelain is held in these flames, but not when this 
disturbing agent is absent; we therefore prefer demonstrations with 
methods which do not interfere with the flame itself. 

1 he following is an outline of what is now thought to be the probable 
nature of the processes which give rise to flames such as have just been 
described. 

In the case o! the gas flame, the burning material is gaseous at the 
start ; but in the candle, the heat of the flame causes the hydrocarbons 
«>f the wax to melt, rise up the wick and vaporize therefrom. In both 
flames there is. therefore, a region of comparatively cool unburnt gas 
or vapour. 1 his is the inner dark zone. At the bottom of this region, 
M»nie o. the gas or vapour meets the uprising air, and complete com¬ 
bustion takes place without the separation of any solid particles. This 
gives rise to tin* dark blue zone. 

Mom of the gas or vapour, however, is decomposed higher up the 
flame, giving rise to the luminous zone owing to the separation of 
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minute particles of carbon which are raised to a 
hence glow emitting a yellowish-white light. The separati 
particles o^carbon inrtiis £, was formerly explained by the theory of 
preferential combustion, according to which, in a lim te< ^ su ^ > ) thc 

(such as is the case in the inner mantle of a V^hus m 

hydrogen of a hydrocarbon bums first, leaving free carbon, thus, in 

the case of ethylene. 

C s H 4 + 0 2 = 2C + 2H.O- 

That is to say, the hydrogen was believed to burn first in■ 
to the carbon. Modern experimental work, notabh that. is 
his collaborators, has shown that if there e any su ? ]d whic h 

in fact, the other way round. They hav e aciauceo_e * and 

suggests that the process takes place by ''* > ^ , takes 

suggestthat the combustion of a hydrocarbon such as ethane, takes 

place by way of a series of reactions somewhat as follows 

o o hcat 

C.H. -»• C,H s OH -*• CH 3 .CH(OH)j-* 

ethane a.c’oho, ethy.idene 

(unstable) 

heat rc i 2 H..O + CO, etc. 

H.O + CH 3 CHO-> J. CH + (jo, etc. 

aldeliyde ^ 4 . , . , 

The process is quite likely more compj«. » there is a *xh 1 *at .. 
suggest that this represents its broac 01 • jon takes p | ace which 

In the luminous zone, then f l \ u . nnosti noil-luminous mantle. 

becomes more or less complete in incomplete combustion 

Here the carbon and other product:S " tht 1,,r °., from , hc air. 

come into contact with a '^‘comtdete c^-n here, however. 

The combustion may not be absolu. y lin , ,-tfi-ct. and occasionally 
since the air exercises a considerable cooling ont • sllfficicnt i( ,he 

also, even here, the supply of oxyge <. event the flame 

supply of combustible material is very iree. 

smokes. _ 

§36 The Luminosity ot Mamcs 

It is a well-known fact that many Curated hydrocarbons like 
bright or luminous. Examples are 

ethylene, the vapours of son ? e .^ lunrtiK>sily is not known. At one 
A general explanation of tl m ;„ nlis flames contain white-hot 
period it was believed that all u theory). It is now known, 
particles of solid (Davy's solid P ^ ^ d o contain such particles, 
however, that while some lumi 

others do not. , o tt> thl . luminous coal-gas flame, tor 

The existence ot solid particle ^ Soret's optical test 

example, has been satisfactorily fl e 0 f coa l gas or of a candle 

(1876) by which it is shown that 11 «ie »a 
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be placed between a strong light and a screen, the luminous portion of 
the flame throws a dark shadow on the screen, and if the flame be made 
to smoke, the shadow of the luminous portion extends into the shadow 
cast bv the smoke. 

Also the non-luminous portion of the flame gives no shadow. This 
result was confirmed by Stokes, who focused the image of the sun on to 
the flame and examined the scattered light. This was found to be 
polarized—evidence of the existence of minute solid particles. On 
the other hand, the flames of carbon disulphide and phosphorus, 
although luminous, are found in this way to contain no solid particles. 

In the course of his experiments H. Davy showed that the luminosity 
of flames is increased by pressure and diminished by rarefaction. The 
violet blue sheath of the hydrogen flame becomes green, then yellow, 
orange, and red as the pressure is reduced \ and by increasing the 
pressure, the flame becomes luminous. E. Frank land (1867) found a 
direct relation between the luminosity of flames and the pressure. 
Using the flame of hydrogen burning under a pressure of 12 atmo¬ 
spheres, a reduction of the pressure to 3 atmospheres, diminished the 
luminosity 99 per cent. Arguing from the fact that luminous flames 
are known which contain no solids; that dense gases and vapours give 
flames more luminous than gases of low density; and that feebly 
luminous flames becomes luminous when the surrounding atmosphere 
is compressed, Frankland inferred that the luminosity of ordinary 
flames such as coal gas is due to the glow of dense hydrocarbons 
rather than to the presence of solid particles. This is known as 
Frankland’s dense hydrocarbon theory. 

Lewes considers that the “ dense hydrocarbon ” in the flame of 
coal gas and related gases is acetylene, hence the so-called acetylene 
theory of luminosity. In the particular case of hydrocarbon flames, 
as interpreted in the preceding section, it docs not appear that this 
hypothesis is a complete explanation. When the pressure of the 
atmosphere is altered, the dense hydrocarbons themselves give opaque 
flames containing solid matter. The phenomenon is complicated by 
change* in the conditions of equilibrium of the products of combustion, 
and it probable that the decomposition of the hydrocarbons in the 
“ innermost parts of the flame " is facilitated by increasing the pressure. 

However, it is highly probable that dense vapours, as well as incan¬ 
descent solids, do produce luminosity. Two distinct effects can be 
observed in burning hydrogen phosphide; a greenish glow caused by 
the oxidation of the phosphorus which shows best when the phosphide 
is largely diluted with carbon dioxide; and a yellowish white light 
best seen when phosphorus burns in air or oxygen. This is no doubt 
due to the glowing of phosphorus pentoxide which, although in the 
state of vapour, can be made to emit a yellowish white glow when the 
temperature has attained a certain point. Similar results can be 
obtained with silicon hydride, but in this case the glow is due to solid 
>ilica. 
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lust as a variation of pressure modifies the luminosity of burning 
gakfsTdoelT variation of temperature. The temperature attained 
by the combustion of gases in oxygen is greater ‘ * h “ b g u ^ 

the absence of diluting nitrogen. In conseq • , { carbon 

'3S5&S2! K-*™. Hi; 

ss. tsjx/ss 

tally mlh flame, known to i,,J. The reason 

silicon hydride bum far more brightly . {■* 
for this behaviour is far from certain. 

§ 37 The Bunsen Burner 

burning hydrocarbon is unsatisfac- 
The ordinary luminous flame ola c °X7n V ention of the incandescent 
tory for heating purposes . and. deposition of soot reduces 

gas mantle (page 748 ) for hghting * j d t ] thc veS sel being heated, 
severely the rate at which heat energy of the 

as well as involving the loss of muc 

fueL M a Kiirnor known bv his name, to surmount 

Bunsen in 185o devised a ' n un i V ersal use. Its con- 

these objections, and it is now, of course• ™ un,vcrs 

Hi aci n 

b h aL b TioS y thm'pencil flame is obtained. A 

(2) The burner tube. B, has a couple o 1 j l 2. 

ings near the base, and these can be clo^l H n 

partially closed, or opened by ^liort l ie.. |y. 2 s —Partsoi 

regulator. (3) The air regulator ( Burnet 

cylindrical tube fitted with h 1 . , numerous modifications, 

with the holes in the burner tube. 1 h. nj 

that just described may be ,akc ".f* ir \! i linl jnous gas flame is obtained. 

If the air-holes are closed, an \ the SI „all orifice produces 

If the air-holes are opened, the jet 01 g « . ( a nd, in consequence, 

a partial vacuum in the neighbourhood o « Jjj ; h( . as in the burner 
air is drawn into the air-holes, and mixes 

tube. between the proportion of air and gas in 

A certain ratio must exist : l() burn quietly with a blue 

the burner tube in order to & c ‘YUis i* observed by placing 

flame—the so-called Bunsen Hamc■ and gradually turning off 

the regulator in several different an d the gas is gradually 

the gas. When the air-holes arc muy i 
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turned off, a point is reached when the flame begins to flicker, and 
finally “ strikes back," afterwards burning at the bottom of the tube. 
As a matter of fact, the mixture of air and gas burning in the bunsen 
burner is explosive; when the gas is burning quietly, the rate at which 
the flame travels in the explosive mixture of air and gas is 
less than the rate at which gas is issuing from the burner; 
when more air or less gas is introduced, the speed at which 
the explosive flame can travel is increased; when the rate 
of the explosive flame and the speed of the gas issuing from 
the burner are nearly equal the flame reaches the unstable 
condition; any further increase in the amount of air or 
decrease in the amount of gas gives an explosive mixture in 
which the explosive flame can travel faster than the issuing 
gas; the flame then " strikes back." 

When burning in its most efficient iorm, a bunsen flame 
Fig. 19 . 21 * can be seen to consist of two cones. Fig. 19.29. 

Bunsen These cones comprise a very pale blue outer mantle, 

Flame surrounding a bright blue inner cone. Inside the inner cone 
is a region of unburnt gas. The processes probably taking place in such 
a flame are as follows. There is a vigorous reaction at the surface of 
the inner cone, partial oxidation of the gas taking place, and a high 
temperature being developed. In the outer cone, complete combustion 
of the carbon monoxide, etc., from the inner cone takes place, but the 
temperature is not so high. 

The processes taking place in the bunsen flame have been investigated 
by means of Smithell’s flame separator. 

The apparatus consists of two coaxial tubes, A 
and B, Fig. 19.30. The outer wider tube is shorter 
than tlu* inner tube and fitted with a rubber union, 

C, and a brass clip to permit the outer tube to be slid 
up and down. The upper ends of the coaxial tubes 
are fitted out* with a mica cylinder D, and the other 
with an aluminium cylinder E. The narrower tube 
is clamped over an unlighted bunsen burner and a 
loose packing of cotton-wool F placed between the 
burner and the glass tube. 

At tlu- beginning of the experiment, the two 
coaxial tubes arc at the same level, the air-holes of 
the burner are closed, and the gas is lighted at the 
top of th« i outer tube, and burns with a luminous 
flame The air-holes of the burner are then opened 
until the flame is non-luminous, and the usual two 
cones are formed. The outer tube is then slid upwards, and the outer 
cone ascends with it while the inner cone remains burning at the top of 
the inner tube. 

On analysis, the gas from the space between the two cones was found 
to consist ol nitrogen, carbon monoxide, carbon dioxide, steam, and 
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hydrogen. This mixture was also found to have the same composition 
if pure methane, unmixed with free hydrogen, was used This indicates 
that the reaction taking place in the inner cone leads 
of carbon monoxide and hydrogen, and if enough ox^en is present, so 
that some carbon dioxide is also produced, .an equ 

CO + H.O ^ CO, + H,, 

the same as in the production of water gas (page .1<0). , 

=p 

volumes of air for one of gas is requnSue!* m,xture > 
cannot be used in a bunsen burner of the or ■ 

G. Meker, however, has designed a huriur in p™ 

which such a mixture can be burnt-the Meker p 

burner. From the sectional diagram, ig- • • • 1 '|fP; 

will be seen that the air-holes are larger ia . ‘ ’ 1 p/ a n 

and a deep nickel grid hinders the tl.ime * l 

back." Since the gas issuing from the burner has 
enough air for complete combustion, u * I 

practically a “ solid cone " of burning gas. and 
there is no " inner cone of unburnt g a ' 0 

The maximum temperature attained h 
is considerably higher than that <> 

. a He. iu.-* l. 

bunsen flame. •* theoretical” mixture Mikcr Burner 

Another way in which the t neon iu 11 , 

of gas and air has been employed has * c mixture ol gas and air 

by Bone and M'Court. In their hea or J|h m.xtm # ^ <1k( . 

(sufficient for complete tombus ) 1 . ^ aR . as a rule, catalysed 
Phragm of refractory material. • )jd COIll |,ustion therefore takes 

by solid surfaces (page -do) and M which is raised to a high 
place in the outer layer of the d «lI ... apparatus is working 

temperature. No actual flame. ,s v ' s * to a s ftamelcss or surface 

properly, so that it ,s Somct '^ < \ , vc been employed for industrial 
combustion. Heaters of this kind 

purposes. 

8 38 The Safety Lamp 

4 . ♦ n iture of flames by undertaking an 

Davy was led to investigate t ‘ . lioll Q f explosions in coal mines. 

investigation into the causes and | . , t j iat ^ a flame is cooled 

In the course of his cxperimen s, u different combustible gases 
sufficiently, it is extinguished, and tnai 

have different ignition points. 0 f fine wire gauze is 

A familiar experiment is the foil, w ljunu ,. If th , gas 

held a little above the top of an uniignu-u 


Fig. l«J.3l. 
Mt-kcr Burner 
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be turned on and a lighted match is brought above the gauze, the gas 
is ignited there, but the flame does not pass through the gauze 

(Fig. 19.32). 

Conversely, if the gas be ignited 
below the gauze, the flame will 
not pass through, although 
the passage of inflammable gas 
through the gauze can be demon¬ 
strated by bringing a lighted taper 
above the gauze. If the gauze be 
heated red hot, the flame will pass 
through and burn on both sides. 
Experiments not unlike these 
Fig. 19.32.—Effect of Gauze on Flames fed Humphry Davy, in 1815, to 

the idea of “ flame sieves,” and finally to the " safety lamp for miners.” 
In Davy’s safety lamp, Fig. 19.33, an oil lamp is surrounded by a 
cylinder—1* inches in diameter, and 6 inches high—made of iron wire 
gauze, having 28 meshes per linear inch. The cylinder is closed at the 
top with a double layer of gauze, A, Fig. 19.33. The lamp is provided 
with a screw lock to prevent it being opened in the mine, and there 
is a ring at the top to allow the lamp to be carried or suspended. The 
lamp is ventilated by air passing through the mesh of the gauze near 
the flame. The air impinges on the flame, and the products of com¬ 
bustion escape through the gauze in the upper part of the cylinder. 
When such a lamp is taken into an atmosphere containing a mixture 
of marsh gas and air, the explosive mixture passes through the gauze 
and is ignited inside the cylinder. The cylinder may (but should not) 
be heated red-hot by the combustion of the explosive gases inside. 
The flame, however, is unable to pass through the gauze and ignite the 



mixture outside the cylinder. The 
gauze acts as a “ flame sieve ” ; it 
permits a free passage of gas, air, 
and light, but it obstructs the passage 
of the flame. 

If the gauze should happen to be 
heated locally above the ignition 
temperature of the mixture outside; 
or if the lamp is exposed in a strong 
current of air, sav, a ventilating 
shaft, or a " wave ” of air some¬ 
times generated in the operations 
of blasting, the flame may be driven 




through the meshes of the gauze. 

Considerable improvements have 0 „ T FlG ' 

been made on the original Davy s 

lamp, A, Fig. 19.33. The modern forms of safety lamp—e.g., J. B. 
Marsaul's lamp, B, Fig. 19.33—allow the lamp to be used under con- 
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ditions of great danger with a minimum risk of igniting an explosive 
mixture of firedamp and air. The old Davy's safety lamp » obso ete. 
It gives a very poor illumination owing to the obstruction offered by 
the wire gauze, and the flame may be forced through the gauze when 
the current of air exceeds 5 feet per second, and in modern mines.the 
air in some parts of the rapid ventilating roads may attain -0 to 30 

feet per second. 



CHAPTER 20 


NITROGEN 

What of nitrogen ? Is not its apparent great simplicity of action all a sham ? 
—M. Faraday. 

The fixation of nitrogen is vital to the progress of civilized humanity, and 
unless we can class it among the certainties to come, the great Caucasian race* 
will cease to be the foremost in the world, and will be squeezed out of existence* 
bv the races to whom wheaten bread is not the staff of life.—W. Crookes. 

§ 1 Occurrence and Preparation 

It is difficult to state precisely who first isolated nitrogen and recognized 
it as a definite substance. But D. Rutherford (1772) is generally credited 
with the discovery of nitrogen. He published a thesis in Latin in 1772 
in which he said: 

By the respiration of animals, healthy air is not merely rendered mephitic 
(that is, charged with carbon dioxide), but it also suffers another change, for, 
after the mephitic portion is absorbed by a solution of caustic alkali, the remaining 
portion is not rendered salubrious, and, although it occasions no precipitate in 
lime-water, it nevertheless extinguishes flame, and destroys life. 

Rutherford removed oxygen from the air by such combustibles as 
phosphorus, charcoal, etc., and washed out the products of combustion 
by alkalis or lime water. The residue was called by him “ phlogisticated 
air.' * H. Cavendish confirmed this experiment in 1785. Lavoisier 
first called the residue “ mephitic air,” and afterwards “ azote.” 
J. A. C. Chaptal (1823) suggested the name nitrogene from the Greek 
virpov (nitron), saltpetre; and yewaw (gennao), I produce—because 
the gas is a constituent of nitre. 

Occurrence 

Nitrogen constitutes four-fifths of the total volume of atmospheric 
air. According to spectroscopic observations it is probable that 
certain nebulae contain nitrogen. It is also found in certain minerals, 
where it is probably occluded or adsorbed. It occurs combined in 
ammonia, nitre, and a great many animal and vegetable products— 
e.g., white of egg, proteids, etc. It is a constant and essential constituent* 
of all living organisms; all life seems to depend upon the transforma¬ 
tion of proteid compounds. 

Preparation 

Nitrogen is prepared either: 

(i) from the air by removal of oxygen, etc.; 

ii) by suitable decomposition of nitrogen compounds. 

• Hydrogen was also called " phlogisticated air.” 
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From the Air , . . , . „ 

Nitrogen is easily obtained from air by removing the admixed carbon 
dioxide and o^gen. Carbon dioxide is removed by passing the air 

through a solution of sodium hydroxide ; the ° x yg^ ' s a c pper 
by means of an element which will form a i"on-TOtoU'c ox,cie 

turnings are generally considered best for t e P“ r P j h process is as 
offer a large surface of oxidizable metal to the air. P 

"tot-d from carbon dioxidu in a w^b-b ottlo of »dmm jydroxlte 
a on i fmm moisture bv passage tllTOUg 1 1 




Fig 20.1 .—Preparation of Nitrogen 

b then passed through a'red-ho, '" 6 ’' Tl ” 

copper removes the oxygen and forms cupric 

2Cu + °* = 2Cu0 - , 

The nitrogen passes on to be^collected m » ® t f K . coppe r the 

In the diagram, the air is supi . gasholder were placed at 

Slor^aionTtTe tubes, the nitrogen gas could be 

should be usedin 

risk of contamination owing P 

ordinary water. , mndifv this process so as to make 

Many attempts have been made t m - n commC rciolly. For 

it practicable for the prod quantities <>l nitrogen, which can 

example, furnace gases contain large ^ ^ inixtur e of copper and 

be isolated by passing the gasesovc r ^ ((j oxi( | izc . any carbon 

copper oxide to remove any removed by sodium hydroxide, or 

monoxide. The carbon dKWCi j s | c j t Nitrogen has also been 

water under pressure, and n K anc j hydrogen which is a by- 
prepared by burning a mixture oia 
product of many electrolytic p 




304 MODERN INORGANIC CHEMISTRY [Chap. 

Nitrogen is produced in considerable quantities by the fractionation 
of liquid air, and is marketed compressed into steel cylinders. This 
process has been discussed and described in Chapter 2 (page 41). 
Very large quantities of nitrogen are employed in the synthesis of 
ammonia by the Haber process (page 400), but for this purpose it is 
not actually isolated. 

In Chapter 23 the discovery that nitrogen extracted from the air, 
as described above, contains small quantities of other gases, known 
as the inert gases, is described. 

From Nitrogen Compounds 

Nitrogen called “ chemical nitrogen ” can be prepared free from 
argon by heating a dilute solution of ammonium nitrite in a glass flask 
or retort: 

NH 4 N0 2 = 2H 2 0 + N s . 

The reaction need only be just started by gently warming the flask, 
it will then continue, and maybe increase in velocity without a further 
application of heat because the system itself becomes warmer owing 
to the degradation of energy. If heat be continuously applied to the 
flask, the reaction may become uncontrollably violent. A mixture of 
ammonium chloride with a dilute solution of potassium or sodium 
nitrite may be used instead of ammonium nitrite and is more con¬ 
venient. Nitrogen is also evolved when ammonium dichromate or a 
mixture of ammonium chloride and potassium dichromate is heated: 

(NH 4 ) t Cr 2 0 7 = Cr.,0 3 + 4H 2 0 -f N 2 ; 

mixtures of hvpobromites or hypochlorites with urea also give off 
nitrogen similarly but these are not suitable for its preparation. The 
same is true of the action of chlorine on ammonia, since unless the 
ammonia is in large excess, the dangerous explosive nitrogen trichloride 
may be formed (page 411): 

8NH 3 + 3C1 2 = 6NH 4 C1 + N 2 . 

For the preparation of very pure nitrogen it has been recommended 
that a mixture of nitric oxide (page 427) and ammonia in the correct 
proportions be passed over red-hot copper gauze, when the reaction 
symbolized: 

4NH 3 -f 0X0 = 5N 2 + GHjO 

occurs. Very pure nitrogen is also obtained by heating barium azide 

in vacuo: 

Ba(N 3 ) 2 — Ba -f- 3N 2 . 

§ 2 Properties of Nitrogen 

Nitrogen is an odourless colourless gas, not quite so dense as air. It 
is slightly soluble in water; 100 volumes of water at 0° absorb - 4 
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volumes, and ». 20', 16 volumes ol g*. *“ 

about 6 per cent, of the nitrogen is dissociated into atoms. 

N 2 (95 per cent.) ^ 2N (5 per cent.). 

Nitrogen has been condensed to a^hite 

- 195-8° at ordinary atmosp^.P^^tro^n exists in two forms 
snow-hke mass melting at -209 n(1 , he molecular heat of 

with , transition «W Ni.~E«o cannol £ a poisonous 8 as to, 
transformation is o3*8 Lais. fe • j he nitrogen dilutes 

the air we breathe contains a large p P * • nitrogen owing 

the oxygen as indicated Ration Nitrogen 

to suffocation, i.e., want of °x\g \ ordinary combustion, 

is both incombustible and a non-s PP chemical inertness, 

The chief characteristic atoms in the 

sometimes stated to be owing to ^ when nitrogen is combined 

molecule for one another. At > ■ h nitrogen compounds 

with other elements the converse » rue. for the t 

generally possess great chemica ac i V a charact eristiC property at 
The inertness of ordinary nj g aboW a dul i red heat however 
temperatures below -00 C. A forming derivatives of tnvalent 

many metals combine with ml fe m njtride is a typical example : 
nitrogen known as nitrides. * « 

3Mg + N 2 = M&3^2- , 

and is formed in small quantity along with magnesium oxide, w cn 

ma S“ nitridTs 5 ^decomposed by water with the formation of 

ammonia, e.g., Q = 2NHj + :)Mg(OH) s . 

Mg 3 N 2 -r 2 # t lt verv high tempvra- 

Nitrogen reacts with oxygen to a sma^ t ] ie now obsolete 

tures forming nitric oxide > ■ { nitr ogcn (page 416). 

Birkeland-Eyde process for ^-n ^nbine under suitable conditions to 
With hydrogen, nitrogen will corm in the manu facture of 

form ammonia, a reaction, which « ( |00) . 

synthetic ammonia by the Ha « I | rcac t to some extent, for 

Some other non-meta lie 377), boron and silicon, 

example, carbon (which fonns y t ^J bj(le at a high temperature 
Nitrogen will also react with calctun 

forming calcium cyanamide. 

C*c 4- N, = CaCN 2 + L, 

, 2 fertilizer under the name nitrolim. 

which is sold for use as a fer 

8 3 Active Nitrogen 

, „rm.pn at low pressure is subjected 
In 1910 R. J. Strutt observed that " k ^ <he gischarge is stopped^ 

to an electric discharge it shows an ^ the gas are changed, or i *• <> 

At the same time the chemical P™l* r hul iodine and phosphorus. and with 
reactive, combining directly witn I 
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many metals. It also reacts with acetylene forming hydrocyanic acid and with 
other organic compounds. On account of this behaviour it has been called 
active nitrogen 

It has been found that a trace ot oxygen, mercury vapour or certain other 
substances is necessary for active nitrogen to be formed, although excess destroys it. 

The nature of active nitrogen is still uncertain Strutt suggested that it is 
atomic nitrogen, but there is some doubt about this since the energy required, 
in fact, to produce active nitrogen is said to be less than that required to bring 
about the dissociation N f —>2N. The suggestion that it is N, (analagous to 
ozone) is disproved by the fact that the active form is not condensible in liquid 
air. Active nitrogen is apparently not ionized nitrogen since the glow persists 
after ions have been removed from the gas The spectrum of the glow, which is 
complicated is thought to indicate the presence of excited atoms and molecules 
of nitrogen in the gas. It is said at present that active nitrogen consists of 

metastable ” molecules associated with a greater quantity of available energy 
than ordinary nitrogen molecules, together with a few free atoms. This, however, 
is a vague statement which still leaves the real nature of active nitrogen uncertain. 


§ 4 Uses of Nitrogen 

Nitrogen is used on a very large scale for the manufacture of 
synthetic ammonia (page 400). Smaller quantities of nitrogen are 
used for gas-filled electric lamps, and high-temperature thermometers. 
Nitrogen is also used in order to provide an inert atmosphere in certain 
industrial processes, e.g., in metallurgy to prevent oxidation or 
decarburization. 

§ 5 Formula and Atomic Weight of Nitrogen 

The molecule of nitrogen is believed to be diatomic for the following 
reasons. Firstly, the ratio of the specific heats (page 70) is 1-4 approxi¬ 
mately; and secondly, when ammonia reacts with chlorine or is 
exploded with oxygen, one volume of nitrogen is formed from two 
volumes of ammonia (page 405). 

1 he molecular weight of the volatile compounds of nitrogen indicates 
a value round about 14 for the atomic weight of nitrogen. The exact 
value has been determined both by chemical and physical methods. 

The chief chemical method has been the determination of the 
proportion of nitrogen in one or other of the oxides. The principle 
involved i> the decomposition of an exactly known weight of the oxide 
bv an electrically heated spiral of iron, or nickel wire. The metal 
combines with the oxygen and nitrogen remains. 

1 lie increase in weight of the metal gives the weight of oxygen in 
.i known weight of oxide. The composition of nitric oxide was deter¬ 
mined with a high order of accuracy by this method by Gray in 1905 
Nee page 130). 

Richards’s value for the atomic weight ot nitrogen is 14-008 (see 
page 0S). 

I he limiting density method (page 103) has been applied with success 
:«> the determination of the atomic weight of nitrogen by Gray, who 
• obtained the value 14-00S. Similar work by Moles and his collaborators 
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has led to the same value, which is that at present^ as» the Inter- 
national Value. A further senes of expenments b> Cawooa ana 
Patterson (1936), using an improved microbalfor^th^errmna i 
of the limiting density of nitrous oxide, gave the value 14 00 . 

§ 6 Detection and Determination 

By reason of its inertness at ordinary temperatures^ ^6™ * 

usually identified in a negate way • •• by ^ does not support 
tests for other gases. Thus, a ~amj fr; , does not react 

combustion, does not burn, is colour . © Confirma- 

with usual reagents (e g., he su’^i/oc• s-tl gas over heated calcium 

tion is usually sought by passing th _P , t The formation 

or magnesium and treating the product «.th water ^ 

of ammonia indicates the presence o e mixture is similarly deter- 
The proportion of nitrogen ,n . ^^r^he volume of remaining 
mined by removing other ^s and (f these latter is tedious and 

srgss* %*V r rr of t,,e proport,on 

Kjeldahl’s process, which dependsi upo. the fact that m ^ ^ P heate(j 

yield their nitrogen in the form • ^ amnlon ia formed is then 

with concentrated sulphuric a • on 0 l0 7. Nitrogen in 
liberated and determined. a> d . inino a nitro-group) which do 

nitrates (or in organic compoum s « ^ ^ determined by means 
not form ammonia with sulph ‘ t . CO pper. 50 per cent.; 

of Devarda-s alloy (a^muuum, 45 pc ^ toa|mu ^ nia in the presence 
and zinc, 5 per cent.), which rcc 
of alkali. 

g 7 Hydrides of Nitrogen. Ammonia 

Nitrogen forms Ur.ee dis.inc.ie. compounds ».h hydrogen. 

Ammonia, NH 3 
Hydrazine, N 2 H 4 
Hydrazoic acid. N 3 ri 

.X xrf.nt The salts of hydrazoic 
of which the first is by far the m<>* ,,, ’J ^ * formulae N 4 H 4 and N 6 H 6 

acid with ammonia and hydra,.,le havc thc orm 

respectively and are, in one sense, hydrides b 

History and Occurrence of Ammonia 

History and Gebcr describes the 

Ammonia was known to the ear y tincf urine and common salt, 

preparation of ammonium chlorn i urinae. Ammonium chloride 

Hence the alchemists* term -spintus salts 
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was first brought to Europe from Egypt, where it was prepared from 
the " soot ” obtained by burning camel’s dung. 

In 1716 J. Kunckei mentioned the formation of ammonia during 
fermentation. S. Hales (1727) noticed that when lime was heated with 
sal ammoniac in a retort arranged to collect the gas over water, no 
gas appeared to be given off; on the contrary, water was sucked into 
the retort; when J. Priestley (1774) tried the experiment with a mer¬ 
cury gas trough, he obtained ammonia gas which he called " alkaline 
air." C. L. Berthollet (1785), H. Davy (1800), and others established 
the composition of the gas. 

Occurrence 

Small quantities of ammonia occur in atmospheric air and in natural 
waters. It is produced bv the action of putrefying bacteria (page 413) 
on organic matter in the soil, etc. The odour of ammonia can often 
be detected near stables. Ammonium salts are also deposited on the 
sides of craters and fissures of the lava streams of active volcanoes; 
and with boric acid in the fumaroles of Tuscany. 


§ 8 Preparation of Ammonia 

Ammonia is usually prepared in the laboratory by the action of 
alkalis on ammonium salts. It is sometimes convenient to use com¬ 
mercial so-called “ liquid ” ammonia, from which the gas is driven off 
on heating, as a source of ammonia in the laboratory, but this is hardly 
to be dignified by the term " preparation." Industrially, large quan¬ 
tities arc contained in the ammoniacal liquor of the gasworks and 
recovery coke oven plant (pages 349-58); it is now manufactured on 
a very large scale directly from its elements by the Haber process 
(page 400). 

The following reactions, which result in the formation of ammonia, 
arc of some theoretical or historical interest. 

Ammonia is formed during the putrefaction of organic compounds, 
and when nitrogenous compounds such as coal, leather or bones are 
heated in closed vessels. The old term for ammonia —spiritus cornus 
cervi (spirit of hartshorn)—refers to an old custom of preparing ammonia 
by heating hoofs and horns of stags in closed vessels. The formation of 
ammonia by heating nitrogenous compounds in closed vessels is particu¬ 
larly noticeable if the organic matter be heated with soda lime (quick¬ 
lime slaked with a concentrated solution of sodium hydroxide). 

The reduction of nitrates and nitrites by means of nascent hydrogen 
(e.g., from Devarda’s alloy and alkali) also results in the formation of 
ammonia. (Cf. page 397.) 
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(NH.Cl). This is heated with slaked lime in a tuoe as 
20.2. The reaction is represented by ^ * 

the equation: 

2NH 4 C1 + Ca(OH), = CaCl, + 2NH, 

+ 2HjO. 

so that water is evolved along with the 

ammonia. ... -tr 4 

Moist ammonia combines with db 

the ordinary drying agents—calcium Q 

chloride, sulphuric acid P'' os P^°^ M 

pentoxide—and accordingly ‘ (■ - ' ~11 Ig 

agents must not be used with the idea gS 

of drying the gas. A tower of quick- gg 

lime is generally employed. .. . 

Ammonia is extremely soluble m | 

water and therefore it is collected > _ r- - - ^ 

upward delivery, as shown in Fig. 20.2. 

diagram. It can be collected over preparation of Ammonia 

mercury if desired. , mn inved if it is desired to liberate a 

A similar apparatus may be « P - comrncrc ial solution, 
sample of the gas from the concentrated 

Industrial Preparation un der tw0 heading 

The manufacture of ammonia falls, as shown, 

"“(I) recovery as a by-product of coal distillation; 

(2) synthetic production. 

Ammonia from Coal renter (page 349) that in the 

It has been pointed out in the P rf < J ‘ vVitetlu*, in coal-gas manufacture 
process of the carbonization o < ■• ^ a considerable quantity of 

or for coke production, there s i in water, partly as f r * c 

ammonia, which is ultimately carbonate, cyanide, sulphide, 

ammonia, partly as salts su< i ‘, aniolint of the world s ammonia 
etc. This has been the source of ; U i g ^ of aU heated by means of 
supply. These ammoniacal liquor* * nia and a | so that combined as 
steam which drives of! the rt • m co mc off by this heating, 
carbonate. After no more am » continued. The remaining 

milk of lime is added and the hca^ *| nd the ammonia driven off 
ammonium salts are thus de I m obtained in both sta 8^ s 
The mixture of free ammonia a sulphuric acid, so that a 

this process is usually absorbed by me 




400 MODERN INORGANIC CHEMISTRY [Chap. 

solution of ammonium sulphate results, from which crystals of the salt 
can be obtained. 

Commercial Synthesis of Ammonia 

The two gases nitrogen and hydrogen do not react under ordinary 
conditions, but when subjected to the action of electric sparks a mixture 
in the proportion of three volumes of hydrogen to one of nitrogen 
reacts to form ammonia to the extent of about 2 per cent. If ammonia 
gas be similarly sparked, decomposition takes place until only about 
2 per cent, of ammonia remains. The equilibrium represented 

N 2 + 3H 2 *±2NH s 

thus lies far over to the left-hand side in these circumstances. 

The formation of ammonia from its elements is an exothermic reac¬ 
tion (page 210). In fact, 

N 2 + 3H 2 -> 2XH, + 22-8 Cals. 

It is evident, therefore, that according to the principle of Le Chatelier 
(page 224), since formation of ammonia is attended by reduction in 
volume and evolution of heat, the equilibrium proportion of ammonia 
will be greater the higher the pressure and the lower the temperature, 
which gives broadly the conditions which must be satisfied for a 
successful synthesis. (See Table XX, page 225.) 

In regard to the use of a low temperature, it is necessary to effect a 
compromise since the speed of any given reaction is very greatly 
reduced as the temperature is lowered (page 227). I his points to the use 
of a catalyst so that the speed of the reaction may be reasonably gTeat 
at a temperature at which the equilibrium proportion of ammonia is 
sufficiently high to be worth while. 

These considerations form the theoretical basis ot the Haber process 
for the manufacture of synthetic ammonia. A mixture of nitrogen 
and hydrogen, in the proportion of 1 : 3 by volume, is passed over a 
catalyst at a pressure of about 250 atmospheres and a temperature 
of 500°. 

The mixture required is usually obtained from water gas (pages 362 
and 370) and producer gas (page 360) mixed in the correct proportions. 
Steam is added and the whole passed over heated ferric oxide, which 
acts as a catalyst converting the monoxide and steam into carbon 
dioxide and hydrogen (cf. page 362). Carbon dioxide is removed by 
water under pressure (25 atm.) and residual carbon monoxide by 
ammoniacal sodium formate (at 250 atm.). The exact nature of the 
catalyst used for the ammonia synthesis is not quite certain, but, so far 
as can be judged from the patent literature, its basis is pure iron, to 
which is added a promoter (page 236). 1 he usual promoter appears to 
be about 1 per cent, of sodium or potassium oxide and about the same 
amount of silica or alumina. 

Under manufacturing conditions the percentage ot ammonia formed 
is only of the order of 10 per cent., so that it is necessary to remove it 
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without releasing the pressure so that the residual ^ 

gen can be passed over the catalyst again. The heat ofthe reaction 

serves to maintain the necessary temperatur nr event loss of heat 

under way; a heat-interchanger being emp oy P liquefaction, 
with the issuing gases. The ammonia formed .^removed b^ hquefac . 
passage through a spiral tube immersed in coM J«er Mini * ‘* 556) 

for this purpose at the high pressures el J 1 l hlown'ofT from time to 
gradually accumulates in the system and is blown off lrom t,m 

, * iu, nlant may be understood lrom 

The general arrangement of the plant may 

Fig. 20.3. 

^ ^ Unchanged No +3H 2 
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fig 20.3 -The Haber Process (diagrammatic. 

Calcium cyan amide (page Mf.) 'declining. ' Powdered 

ource of ammonia but its impo * decompose any calcium 

yanamide is stirred with col< • ^ _ n . (Uloc | avc with steam at 
arbide present, and is then tr - .. 

t atmospheres pressure. Ammonia is 

r ric 4 - ‘111 O ^ CaCO, + 2NH S . 

CaCN, + 3H,U temperature to 180”. 

the pressure rises to 12-14 atmosp‘ steam and condensed. 

The ammonia is then blown off along 

8 9 Properties of Ammonia . 

* P - DUn gcnt odour. If inhaled 

Ammonia is a colourless gas Wl ^ j arf , c cjviantities be inhalec . 
suddenly, it will bring tears to th “ *J| tt lv more than half as dense 
suffocation may ensue. Ammoni ‘ ^ like hydrogen, by upward 

as air, and consequently the gas 

delivery. . . 4 V v iter * one volume of watrr a 

The gas is extremely soluldcin'atc^ al *0*. 710 volumes, 

and 700 mm. dissolves 1298 votam« o^ so)utio „ by boiling. I he 
The gas can all be removed from ns • i 
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great solubility of ammonia in water is illustrated by means of the 
apparatus indicated in Fig. 20.4. 

The inverted flask is filled with dry 
ammonia and then attached to the appar¬ 
atus as shown. A piece of moistened filter 
r paper A is attached to the glass tube just 
below the jet. This moisture dissolves some 
of the ammonia, thereby creating a partial 
vacuum and causing water to be driven up 
the tube. When this emerges from the jet, 
the first few drops of water are sufficient 
to dissolve the whole of the ammonia so 
that water then rushes out of the jet like a 
fountain, until the flask is full. 

Considerable heat is evolved during the 
solution of the gas: 

NH 3 + Aq = NH 3 Aq + 8-4 Cals. 

If a rapid current of air be driven through a cold solution of ammonia 
in water, the heat absorbed as the ammonia is expelled from the 
solution will reduce the temperature sufficiently to freeze a small 
globule of mercury. The production of cold is best demonstrated by 
blowing air through a solution of ammonia in a vessel standing on a 
few drops of water on a block of wood. 

1 he production of cold in this way must not be confused with the use 
of ammonia in refrigerators and ice-making machines, the operation of 
which depends upon the properties of liquid ammonia (see below). 

Ammonia is readily liquefied, pressure alone being sufficient at 
ordinary temperatures. The liquid boils at -33-5° and solidifies to 
white, transparent crystals at -78°. Like water, liquid ammonia is 
a bad conductor of heat and electricity, but it is an excellent solvent 
and many substances which dissolve in it give solutions which conduct 
electricity (cf. Chapter 12). The behaviour of these solutions has 
been considerably investigated and there is now a fair amount of an 
ammonia dumistry resembling in many ways the water chemistry 
with which we arc familiar. 



Moist 

'filter pope 


- - ~4 -Water 


Fig. 20.4. 

Ammonia Fountain 


Refrigeration 

Liquid ammonia is used in refrigerating machinery, for which purpose 
it is particularly suitable, since it is very volatile, it is easily obtained 
and has a high latent heat of vaporization. The heat of evaporation 
• •f ammonia is 5-7 Cals, at - 33 C., i.e., 

NH 3 ->NH 3 -5-7 Cals. 

liquid gas 

ll, therefore, liquid ammonia be evaporated, a relatively large amount 
of heat is absorbed from the surroundings. Fig. 20.5 shows in diagram¬ 
matic form the arrangement of a refrigerating plant using ammonia. 
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Ammonia gas is liquefied by compression in the " co ^f"* ing j “‘ 1 * 
by means of a pump; the heat generated as the ga <1 nines 

ducted away by the cold water flowing over the condensing; p.pes 
Fig. 20.5. The liquid ammonia runs into coils of pipes, exp 


Compressing 
Pump 



Cold n Water 
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coils ” dipping in brine'- The P r « s "£ ^at^^orbedby thTrapidly 
ammonia in the expansion coils, an The gas from the 

evaporating liquid coo s the bnmr b l C1)i | s ; and so 

evaporating liquid is pumped hack i ^ p i aC ed in the brine and 
the process is continuous. ( ans .u* circulates in coils near 

frozen. In cold-storage rooms, the™' ^ (uras to thc coo ling tank, 
the ceiling of the room to be cook . • , employed for refrigeration ; 
Sulphur dioxide and carbon dioxide a 

but ammonia is more generally used. a( ordinary temperatures, 

Ammonia is a comparative > t K n itro«»cn and hydrogen 
but at a red heat it begins to’ () , that by which it is formed 

a reaction which is merely the re\cr. 

synthetically (sec pages 400-1' ab«ye). com bustion and does not 

Ammonia is a non-supporter of a yellowish flame, 

readily bum in air. but in oxygen arc explosive. The main 

while mixtures of ammonia and • >s 
reaction is represented by thc equation . 

4NH, + 30 f ~2N, + <>HiO. 

* 3 . * . . _...-i nitrocen peroxide are 

but small quantities of ammonium 1,1 ra , ‘j ammonia may be 

also formed. In presence oxides of nitrogen, a 

oxidized by air or oxygen almost 1 faclur0 () f nitric acid from 
reaction which is employed in tli 

ammonia (page 417). nit roeen and ammonium chloride 

Ammonia reacts with chlorine, nitrogen 

being formed if the ammonia is m exc c* 

8NH, + 3C1. = N 1 + 0NH 4 CI. 
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but with excess halogen, explosive nitrogen halides result (page 411). 

Ammonia reacts with some metals. With the alkali metals amides 
are formed for example, sodamide is obtained with sodium and 
ammonia at a temperature of 300°: 

2Na -I- 2NH 3 = 2NaNH 2 + H 2 

but when magnesium is heated in ammonia gas magnesium nitride, 
Mg 3 N 2 , is formed. 

One of the most striking properties of ammonia, chemically speaking, 
is the basic character of its aqueous solution. The aqueous solution 
turns red litmus blue, yellow turmeric paper brown, conducts electricity, 
and in general reacts like a base. 

This behaviour resembles that ot aqueous solutions of carbon dioxide 
(page 364), and just as that solution is believed to contain a certain 
amount of carbonic acid, resulting from the combination of a propor¬ 
tion of the carbon dioxide with water, so ammonia solutions are 
believed to contain some ammonium hydroxide: 

NH 3 + h 2 o ^nh 4 oh. 

If the aqueous solution of ammonia be neutralized with an acid— 
nitric, sulphuric or hydrochloric acid—the corresponding ammonium 
salt is formed—ammonium nitrate, NH 4 N0 3 ; ammonium sulphate, 
NH 4 HS0 4 , or (NH 4 ) 2 S0 4 ; ammonium chloride, NH 4 C1. It will be 
observed that we are here dealing with a univalent radical, NH 4 , 
which is called ammonium. This behaves, in reactions such as those 
mentioned, in a very similar manner to a sodium atom. The more 
important ammonium salts are described below. 

In other ways besides neutralizing acids, a solution of ammonia 
behaves as a base. Thus, for example, it precipitates many metallic 
hydroxides from solutions of their salts, and these sometimes dissolve 
in excess ammonia solution owing to the formation of complex ions. 
Thus, with ferric salts, ferric hydroxide is precipitated: 

FeCI 3 + 3NH 4 OH = Fe(OH) 3 | + 3NH 4 C1; 

but with copper sulphate solution the cupric hydroxide at first thrown 
down redissolvcs in excess of ammonia because of the formation of the 
complex cuprammonium ion: 

CuS0 4 + 2NH 4 OH = Cu(OH). j + (NH 4 ) 2 S0 4 
Cu(OH)* ^Cu*‘ + 20IT 
Cif + 4NH 3 ^ Cu(NH 3 ) 4 **. 

Reducing agents are without action on ammonia, but it is fairly 
easilv oxidized, particularly at high temperatures. For example, if a 
stream of the gas be passed over copper oxide heated in a hard glass 
tube, the oxide is reduced to copper, and the ammonia oxidized to 
nitrogen: 

3CuO + 2NH 3 = 3Cu + N 2 + 3H 2 0. 

(Compare the similar action of hydrogen, page 615.) Oxidizing agents, 
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if sufficiently powerful, will bring about a similar region at “binary 
temperatures. Thus, for example, with potassium permanganate. 

2NH, + 2KMn0 4 = 2KOH + 2MnO, + 2H a O + V 
The action of chlorine mentioned on page 403 can be regarded as an 

InSta-d- Iron, ammonia of comple x to. in b» 

mentioned. Many substances containing a particularly true 

way can be obtained in a crystaline sJate 1 ^^a^nown 
of the compounds containing cobalt and p tive | y These are 

oc rnmir>r»c and nlat inum _ amminc s -1 . _„, 1 . 


§ 10 Uses of Ammonia 

Ammonia finds many important Jntfsalts (e.g . 8 the 

ting purposes has been discussed. I ... / oa g es 40!)-10). It is 

sulphate) it is a valuable and importan e othc| f , ra ® r material being 
used also in the manufacture of ur .valuable fertilizer, the use of 
carbon dioxide) which is an extreme > manufacture of synthetic 
which is increasing. Urea is also used m the man^ ^ a 

resins, particularly of a g'^-hke U of disso | v ing greases; in 
cleansing agent on account ol its l \ i q#v .) and in chemical 

the manufacture of soda by the: So ! 

operations where a volatile alkali is m«^ <- , • the cupram- 

It is used also in the manufacture of art.hctal su he > it . d ^ oci;lt( , a) 

monium process (page 616 ). as ^ ‘ hcre f or the bright annealing 
ammonia for the production of an P S 84). 
of metals, and in the process of nitruh & ( 1 1 k 

{ 11 Formula of Ammonia ^ ^ a 

As indicated above (page 4 ^ V ^ s \7lecoinposed into its elements, 
long time, about 98 per cent, of the? it is found that 

and if the experiment be perform noW added and the nuxtun 

the volume is almost doubled. If wx >8 vvatl . r an d the volume of the 
sparked, the hydrogen will be remove « ^ haj( t | ia t of the ongina 

residual nitrogen is found t°'be ve y , ■ ^ amm onia undccomj>oscd 
ammonia. Neglecting the slight « uV i<lesof nitrogen formed m the 
by the sparking, and the slight traces o fux.de s 

explosion with oxygen, it is fount » . plus 3 volumes of 

2 volumes of ammonia form I volume of nitre* I 

AppS *v=e.to-* “ mo ” " M - 
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2 molecules ammonia -> 1 molecule of nitrogen + 3 molecules of 
hydrogen. Since the molecules of hydrogen (page 267) and nitrogen 
(page 396) are known to be diatomic, 

2 molecules of ammonia -► N a -f 3H a 

whence: 

2NH 3 N 2 + 3H 2 , 

that is to say, the formula of ammonia is NH 3 . This experiment, and 
associated reasoning, serves to establish NH 3 as the molecular formula 
of ammonia and not merely the empirical formula. 

The volumetric composition of ammonia may also be demonstrated 
by the following experiment (sometimes known as Hofmann's experi¬ 
ment). A long tube A (Fig. 20.6), marked off into three equal volumes 

and fitted with a tap as shown, is filled with 
chlorine. The tube is immersed in water and 
concentrated ammonia solution is run in from 
the space above the tap, drop by drop, until the 
reaction between the chlorine and the ammonia 
ceases. The first drop of ammonia gives a yellow¬ 
ish-green flame; as more ammonia is added, 
dense clouds of ammonium chloride are formed 
and much heat is evolved. When an excess of 
ammonia has been added, the excess is neutralized 
with dilute sulphuric acid. The gas in the tube 
was originally at atmospheric pressure; it is now 
under reduced pressure. The tube above the tap 
and a tube B are filled with boiled water and 
attached to A ; the other end of B dips into a 
beaker of boiled water. On opening the stopcock 
the liquid will run into the tube A until it reaches 
the second mark on the tube. The tube now con¬ 
tains one volume of nitrogen. The interpretation 
of Hofmann’s experiment is as follows: The hydrogen of the ammonia 
and the chlorin-' combine in equal volumes to form hydrogen chloride. 

1 he hydrogen cL.oride combines with the ammonia to form ammonium 
chloride. 1 he tube originally contained three volumes of chlorine. 

1 his chlorine has taken three volumes of hydrogen to form hydrogen 
chloride, etc. 1 he latter dissolves in the liquid in the tube, and hence 
is without influence on the volume of the residual nitrogen. The three 
volumes of hydrogen were combined in ammonia with the one volume 
of nitrogen which remains in the tube. 

The empirical formula of ammonia is therefore (NH 3 ),, but as the 
vapour density is S o its molecular weight is 17. From this it follows 
that the value ot .v is unity and hence that the formula is NH 3 . 

I he gravimetric analysis of ammonia is effected bv passing a 
measured volume of the gas over heated copper oxide, followed by 
passage over red-hot copper turnings to decompose any oxides of 



Fig. 20.6. 
Hofmann's 
Experiment 
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nitrogen which have been formed. The resulting water is absorbed in 
a weighed calcium chloride tube, weighed and the nitrogen passing 
along is collected in an evacuated globe and weighed. (Cf. page o4..) 
The numbers so obtained give the combining proportions of hydrogen 
and nitrogen in ammonia. The result shows that 14 01 parts of nitrogen 

are combined with 3 024 parts of hydrogen. 

The gravimetric result does not discriminate between NH 3 and a 
multiple of this as the molecular formula of ammonia; a knowledge 
of the vapour density is necessary in order to do this. 


§ 12 Detection and Determination of Ammonia 

Ammonia is easily detected by its pungent and characteristic smeU 
and also by its alkaline reaction with litmus, etc., since no other gas 
(except methylamine and ethylamine) behaves in this way. A• v «?0 
delicate test, used for the detection and determination colonmetricalh 
of minute traces of ammonia in drinking water, is the yellow colour 

which it gives with Nessler's solution (page 084). 

In the ordinary way ammonia is determined b> titration, using 
methyl orange as Y indicator. The ammonia in an ammonium salt is 
determined by distilling the salt with excess of sodium hydroxide and 

passing the distillate into a known volume of standard ac d_ The 

excess of acid is determined, after the experiment, y 

standard alkali in presence of methyl orange. . A •• 

In the presence of formaldehyde, ammonium salts ( neutralized 
to methyl red) form hcxamcthylene tetramine andI the_ac|dl whichi is 
liberated can be titrated directly with standard alkah This is anoth r 
and convenient method for the determination of ammonia in ammonium 
salts. 

§ 13 Ammonium Salts 

The basic character of ammonia has been referred 
salts which it forms with acids arc known as ' Ammo- 

being derived from the hypothetical radical amm • V, *j. jj j 

nium salts are white solids, unless they contain a coloured ac d rad,cab 
and except the perchlorate, cobalt.nitnte and chlor“ 
readily soluble in water. They decompose or volatilizi at 
below red heat. When treated with caustic J " b 

The electronic configuration of the ammonium ion w.U be. 


H 

H : N : H 
• • 

H 


to, nl,ro s « n ta. ««,•£!“ V iE S»J£ te £ 
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of eight. One is, therefore, lost to the anion, leaving the group with 
a single positive charge. The ammonium compounds are thus electro- 
valent substances. The resemblance to the sodium ion, which is a 
sodium atom which has lost its outermost (valency) electron leaving 
a completed group of eight, is also apparent. 


Wooden 
Inspection 
Plug \ 


Ammonium 

Chloride 


Ammonium Chloride, NH 4 C1 

Ammonium chloride is manufactured from the ammoniacal liquor 
of the gasworks. The liquor is neutralized with hydrochloric acid, 
and the resulting solution is evaporated until crystallization occurs! 
The crude product is purified by heating the solid in a large iron or 
earthenware pot with a dome-shaped cover, Fig. 20.7. The ammonium 

chloride volatilizes and the solid condenses as a 
white crystalline, fibrous mass inside the cover. 
Most of the impurities remain in the vessel. 
The process of vaporizing a solid and condens¬ 
ing the vapour back to the solid condition is 
called sublimation. Ammonium chloride is also 
made by sublimation from a mixture of ammo¬ 
nium sulphate and sodium chloride in a similar 
pot (Fig. 20.7); and by mixing dry hydrogen 
chloride, somewhat diluted with hydrogen, with 
ammonia gas at 230 r -300°. Ammonium chlo¬ 
ride is a white granular, fibrous, crystalline 
solid, with a sharp saline taste. It dissolves in 
water and at the same time lowers the temper- 
T ature. Ammonium chloride is used for charging 

Leclanehe cells; as a constituent of soldering fluids, to protect metals 
lrom oxidation during the soldering. It is also used in galvanizing iron, 
and in the textile industries. 

It is often known as sal-ammoniac. 

The action of heat on ammonium chloride vapour is interesting. 

I he salt vaporizes at about 340" C., and the vapour density at 350 3 is 
I 4 ’ d2 J'h = *)• whereas the theoretical value for NH 4 C1 is 2 ( 5 - 75 . 

1 hat is, the observed density is very little more than half the value 
which would be anticipated. I his is explained by supposing that the 
molecule is dissociated into ammonia and hydrogen chloride; 



Fig. 20.7.— Sublimation 
of Ammonium 
Chloride 


NH 4 C1 ^ NH 3 + HC1. 

If complete dissociation has occurred, the vapour density would be 
13 3.0 so that it appears that at 3f>0 the vapour contains about 17 per 
cent, of ammonium chloride, and S3 per cent, of a mixture of equal 
volumes of ammonia and hydrogen chloride. 

On cooling, the two gases recombine forming ammonium chloride 
once more, but it is possible to effect a partial separation of the two 
gases from the hot vapour by diffusion (page 23), thus proving their 
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Fig. 20.8.—Dissociation o! 
Ammonium Chloride 


presence. This can be done by means of the apparatus shown in 

F A Utile pure ammonium chloride is placed near the middle of a hard 
glass tube inclined as shown; a little lower 
down is a piece of blue litmus paper. A 
loose plug of asbestos is put above the salt 
and then a piece of red litmus paper. On 
heating the ammonium chloride, ammonia 
being the less dense gas diffuses more 
quickly than the hydrogen chloride. Con¬ 
sequently, the blue litmus is reddene 
by the excess of slow diffusing hydrogen 
chloride in the lower part of the tube, and 
the red litmus is blued by the ammonia 
which passes to the upper part of the 

place; || does not prove complete dissociation a. the equilibrium. 

NH 4 C1 ^ NH, + HCI 

is being disturbed (cf. page 242). rochloric ac id do not combine 

Intensively dried ammonia and h>dr , .. . ; n t ens ively 

when mixed! and it has also been da:lined by 1 3 £ l *JcLed T^re 
dried ammonium chloride does not dn»s< e 091 ) and it is 

has been much controversy aboutt this"-hloride docs, in 
now thought that even intensi\dy dm c 
fact, undergo some dissociation. 

Ammonium Nitrate, NH 4 N0 3 , ••• 

Ammonium nitrate is made by ncutrah/an^ 

With ammonia gas. when the ammonium n 4 ,‘ ltrat e : 
double decomposition of ammonium snip 11 

(NH 4 ) 2 S0 4 + 2NaN0 3 = 2 NH,NO I + Na.SO, 

The sodium sulphate crystallizes Ve-cowrvd'by evaporation. 

crystallization and the ammonium m . , iti „ n ammonium 

It has also been made by the double < c ' 2 ' nitrate instead of 
sulphate and calcium nitrate; by using ' d also by- 

sodium chloride in the ammonia-soda process (page .. 8 - 1 . 

partial oxidation of ammonia (page 4 i). j in f ive different 

It exists in colourless crystals ' vl r ' K .; ^/"“absorption of much 
forms. It readily dissolves in u.iU • sa „ a , ow U . mpcr ature 

heat, and so has been employed as a K dissolved in a little 

being reached when a large amount « f (page 42f») and 

water. It is also used in the preparation of n insist largely of 

.i explosive, The Tuilrii ’.nJ 

ammonium nitrate. (Amatol, «<» 1 



410 MODERN INORGANIC CHEMISTRY [Chap. 

20 per cent, trinitrotoluene; ammonal, principally ammonium nitrate, 
with small quantities of aluminium and sometimes charcoal.) Ammo¬ 
nium nitrate is also used as a fertilizer, for which purpose it is usually 
mixed with other substances such as ammonium sulphate (Uuna 
saltpetre) or calcium carbonate (nitrochalk). 

Ammonium Sulphate (NHJoSt^ 

This is the most important commercial salt of ammonia. It is 
made by passing ammonia gas into 00 per cent, sulphuric acid, the 
salt being obtained by evaporation. It is also made from synthetic 
ammonia by passing the gas into a suspension of gypsum or anhydrite 
(calcium sulphate) in water through which a stream of carbon dioxide 
is also passing. Calcium carbonate is precipitated and ammonium 
sulphate remains in solution : 

2XH 3 + CaS0 4 + C0 2 + H 2 0 = (NH 4 ) 2 S0 4 + CaC0 3 |. 

Ammonium sulphate forms large transparent crystals, isomorphous 
with potassium sulphate. It is very soluble in water. On heating, it 
loses ammonia even below 100® and forms an acid sulphate NH 4 .HS0 4 . 

Ammonium sulphate is used extensively as a fertilizer and as a 
source of ammonium compounds. 

Ammonium Carbonate 

\\ hat is known as ammonium carbonate is made commercially by 
subliming a mixture of chalk and ammonium chloride or sulphate from 
iron retorts into lead receivers. There is thus produced a substance 
which, after rcsublimation with a little water, conies into the market 
as a white, semi-transparent fibrous mass covered on the outside with 
a white opaque powder. 1 his powder is ammonium bicarbonate, 
NH 4 .HC0 3 , and the main constituent of the rest of the material is 
now known to be ammonium carbamate. XH 2 .CO.ONH 4 . 

Ammonium carbamate reacts with water giving the carbonate: 

NH 2 .CO.ONH 4 -f n 2 0 = (NH 4 )X0 3 , 

so that solutions of the solid commercial product contain ammonium 
carbonate. 

Ammonium Sulphides 

hineau in 1M9 observed the formation of colourless needles when 
ammonia and hydrogen sulphide are mixed in equal volumes. These 
are probably composed of ammonium hydrosulphide (NH 4 .HS). 
If hydrogen sulphide be passed through fairlv concentrated ammonia 
solution the resulting liquid contains a mixture of this hvdrosulphide 
with the normal ammonium sulphide (XH 4 ) 2 S. This latter can be 
oht.iinc l by saturating coin entrated ammonia solution with hydrogen 
Milphide, keeping the solution cold. Bv adding flowers of sulphur 
( ,0 Parts) to such a solution (3 m i parts) mixed with concentrated 
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§ 14 The Action of Halogens on Ammonia and Ammonium Salts 

Chlorine, bromine and iodine ^ 

products are very different 11 « Probab aqueous ammonia solution 

The action of chlorine or bromine upon of an ammonium salt, 

results in the liberation of nitrogen a substitution takes place, the 

It is probable, however, that in li J e R . another molecule of ammonia, 

resulting trihalogen compound combinir g 

e.g., NCl,.NH a . ^Amnniiiids are very unstable and decompose in 

The trichloro and tnbromo compound > u nd f ree nitrogen : 

presence of excess of ammonia, forming an ammonium sau 

mm * j-j e Nj *4* 

The iodine compound ,s mor«; sUblcand 
black so-called nitrogen iodide (stc bclov P . same way as the chlorine and 
of ammonia, however, this decomposes in the same wa> 

bromine derivatives. however, iodine is liberated: 

If there be not excess ot ammonia present l owe e . 

NI,.NHj *= N, + 3HI 

vi + 3HI ^ 2>»H, + 31*. 

M,.xvn,-p Chlorine replaces hydrogen 

With ammonium salts, the action s tK. lo w) separate, 
and yellow oily drops of nitrogen clilor.de (sec lx.m > f 

NH 4 C1 + 3C1, - Isa,****"-" , n lhe ammonium salt. 

Bromine and iodine are unable to rip > » 

but combine with it forming perliaiu es. -h-- 

jsjH.Br + Br, = NH 4 lir,. 

A number ol similarly constituted aimnonium £ ^?°“"u a Jly stable 

and'was'one'of^thee'arhest compounds of iodine*, o be discovered (FUbol. »»>. 

§ 15 Nitrogen Trichloride, NC1 3 

Nitrogen chloride was discovered ^y^'^^mmlmiuin chlondcMpage 408). or 
drops when chlorine is passed into a s formed when a lump ol ammonium 

when such a solution is electrolysed I ***»*°'^ ,, yfMJ< hlorous acid 

chloride is suspended in a concentrate dangerously explosive. Its solution 

Nitrogen chloride is a yellow hqu « « When >uili •» solution is shaken with 
in carbon tetrachloride is safer to hand e m d . 

excess of concentrated hydrochloric acid. chJorm • 

siri 4 . 4 HCI - NHX1 f •*( l ? 

NCI * + 4 - , m hypochlorite, this being appar- 

It is slowly hydrolysed by water int >» above »n which the ammonia is 

ently a reversible reaction (cl preparation above 

furnished by the ammonium chloride). «unri 

NCI.+ 311,0 5* NH, + 3HOC!. 

8 16 Nitrogen Iodide, NI 3 .NH 3 

, » u»mntcs when iodine is added to excess of 

The brownish-black solid which *P* .,j t . antl was formerly thought to 

aqueous ammonia is known as mt t, 
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vary in composition according to the mode ol preparation. Chattaway has. 
however, definitely established the fact that a single definite compound is always 
formed, viz., NH,. NI 3 . and that the various formulae previously suggested were 
due to the specimens analysed having partially decomposed, eg., through 
exposure to light (cf. § 14). ' Chattaway showed that this compound could be 
obtained crystalline with proper precautions. 

Nitrogen iodide explodes very readily indeed when dry. but can be handled 
safely when moistened with ammonia. It reacts with reducing agents with the 
formation of hydriodic acid, e.g., with sodium sulphite: 

NljNH, + 3Na 3 SO, + 3H,0 = 3Na a SO« + 2NH 4 I + HI. 
a reaction which can be used for its determination, by titrating the free acid 
with baryta, the iodide until silver nitrate, and the ammonia set free and titrated 
with acid. The composition was determined in this way. 


§ 17 Fixation of Nitrogen. The Nitrogen Cycle 

All living matter and the waste products of animals contain con¬ 
siderable quantities of combined nitrogen. It is a necessary constituent 
for the growth of living organisms. During the decay of organic 
matter through the agency of bacteria, part of the nitrogen finds its 
way back to the atmosphere, and part passes directly into the soil to 
be absorbed by plants. Animals cannot assimilate free nitrogen, and 
they are accordingly dependent upon the plants for their supply. 
Plants in light transform inorganic compounds into complex organic 
products surcharged with energy and which are necessary for the life 
of higher animals. Plants thus form a permanent link between the 
inorganic and the animal kingdoms. Plants cannot usually obtain 
their nitrogen direct from the atmosphere. Most plants get their 
nitrogen from the soil where it is present in the form of nitrates, 
ammonium salts, or other complex compounds. The organic matter 
in the soil is attacked by bacteria of various kinds, and part is con¬ 
verted into nitrates and part into free nitrogen. A certain amount is 
brought back from the atmosphere during a rain storm, where it has 
been oxidized into ammonium nitrate l>v electric discharges—this more 
particularly in the polar regions. 1 hose supplies of available nitrogen, 
however, do not suffice to maintain the fertility of cultivated soils. 
It is therefore necessary to make good the constant draining of the 
a\ a i la hie nitrogen b\ the cultivated plants. I his is done by allowing 
nitrogenous organic matter manures to decay away in the soil, or 
to add a mixture - a fertilizer—containing available nitrogen. 

I he considerations outlined in the preceding paragraph indicates the 
need for suppl\ ing nitrogen to the soil to make up for that removed by’ 
cultivation. 1 he development of agriculture is largely dependent, 
theretore, upon tin* supply of cheap combined nitrogen. The chief 
sources of supple nl combined nitrogen are: 

(i) coal, via the gasworks, page 

(ii) Chile nitrate deposits, page T»S!I; 

<iii> nitre plantations tpage 1502) and animal excrements; 

(iv) fixation of atmospheric nitrogen 
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The last of these is of increasing importance .^ e J he T a ^^ t ^ 
contains a virtually inexhaustible supply of nitrogen. This matte 

may be discussed under two heads: 

(i) fixation by bacteria associated with plants; 

(ii) artificial fixation. 

In 1853 G. Ville noticed that while most P lant * & betas. 

nitrogen in soils, some plants, principally the legu P 

clover, lupins, etc.—enrich the soil so that more 
available nitrogen is present after a crop as 
been removed than before. In 18H(> H. 
showed that certain leguminosae appear to i%e 
in a kind of partnership —symbiosis (from the 
Greek aw (sryw), with; piatats (hiosis). living) 
with certain bacteria—e.g., the bacterium radt- 
cula. The bacteria appear to live as guests in 
nodules on the rootlets of their host, and p ro * 
ably also in the neighbouring soil. The nodules 
on the rootlets of a Phaseolits (bean) are illus¬ 
trated in Fig 20.0. The symbiotic bacteria KT on 

convert the nitrogen of the atmosphere into a H.o J 0 .« Ncdu S ( On 
form available as food for the plant on winch 

‘b Of'artificial methods for the fixation of atmospheric nitrogen, there 
are at present available two good ones, \iz.. 

(i) the manufacture of calcium cyanamide 

(ii) the synthesis of ammonia (page 400) (Haber process). 
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A third method, the synthesis of nitric oxide (and hence of nitric acid 
and nitrates)—(page 416) (Birkeland-Eyde process)—was formerly 
used, but it is now obsolete. 

These processes are described in the places named. The first is 
particularly suitable for localities where electric power is very cheap, 
and hence is to be found in operation at Niagara Falls. The second, the 
Haber process, requires comparatively little power for its operation 
and so is worked to an increasing extent in England and Germany. 

The artificial fixation of nitrogen, a “ problem " at the beginning 
of the present century’, is now a common industrial operation. 

It is usual to refer to the succession of changes through which 
nitrogen passes as described in the preceding pages as the nitrogen 
cycle and the processes involved are summarized in some such diagram 
as Fig. 20.10. 

§ 18 Nitric Acid, HNO a . History and Occurrence 

History 

Nitric acid was probably not known to the ancient Egyptians. 
Geber says that he made it by distilling copperas with saltpetre and 
alum; and J. R. Glauber (1650) made it by distilling a mixture of 
nitre and sulphuric acid. A. L. Lavoisier (1776) proved that nitric 
acid is a compound of oxygen, and H. Cavendish (1784-5) demonstrated 
that it is formed by sparking nitrogen with moist oxygen. 


Occurrence 

A little nitric acid is formed in the atmosphere by lightning, causing 
combination of the oxygen and nitrogen of the air (see page 416 below). 


§ 19 Preparation of Nitric Acid 
Laboratory Preparation 

Nitric acid is prepared in the laboratory by the action of hot con¬ 
centrated sulphuric acid on a nitrate, potassium nitrate being usually 
employed. 1 he experiment is carried out in an apparatus such as that 
indicated in Fig. 2 o. 11 . 

I he retort is charged with approximately equal weights of sulphuric 
a< id and potassium nitrate, and heated. Brownish-red fumes appear 
which condense in the cooled receiver to a brown liquid. This liquid is 
nitiic acid, coloured by the presence of a little nitrogen peroxide 
(page 4 formed bv the decomposition of the acid. It is purified by 
•ledistillation and by blowing a current of dry air, or carbon dioxide, 
through the warm nitric acid. I he reaction involved in the preparation 
represented by the equation: 

KNOj + H 3 S0 4 = HN0 3 + KHS0 4 . 
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At the temperature at which the operation can be carried out in glass 
vessels, potassium bisulphate is formed. At the higher temperatures 
possible commercially, the normal sulphate results so that less sulphuric 
acid is required (see below). 



The acid so obtained will contain water. If it /^^nt^ofdrv 
an equal volume of concentrated sulphuric acid, a . . ; t 

air or carbon dioxide passed through the warm actid as befarc.^nwg 
pure anhydrous nitric acid is obtained Crystals of pure n.tncaad 
can be obtained by cooling this acid in a freezing mi. <-• . ■ 

nitric acid of commerce is made similarly, but usually without having 
the nitrogen peroxide removed, so that it is brown in 

Industrial Preparation 

Nitric acid is now manufactured in two ways, viz.: 

(i) from sulphuric acid and sodium nitrate (Chile saltpetre); 

(ii) by the oxidation of ammonia. 

It was also made until recently by the combination of the nitrogen 

“sSSiS known as Chih- saltpetre , obtained in enormous 
quantities from the nitre beds of Chile and 1 tru (l {, 
used as a source of nitric acid on a large scale. t t • 

The sodium nitrate and sulphuric acid are heated ini * * *»<! 

the vapour is condensed in earthenware pipes c _ ^ tower 

collected in earthenware jars. Ihc last jar is T . Q u; cct u 

filled with coke down which a stream of water tr t • . J .f 

to recover the nitrogen peroxide produced by ie .. 

the nitric acid. The retort has an exit pipe from which thcwdmm 
sulphate can be run when the action is over. Io re u j ‘ . . .. 

nitrogen peroxide formed during the decomposition o l 
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by heat, the stills are often worked under a reduced pressure so that 
the acid may come off at as low a temperature as possible. 

If the temperature be high enough, the reaction indicated in the 
laboratory preparation is succeeded by that represented: 

NaHS0 4 + NaN0 3 = Na 2 S0 4 + HN0 3 . 

In some works this is carried out, but the practice is now becoming 
commoner of stopping the process at the first stage, and utilizing the 
sodium hydrogen sulphate (known as nitre-cake) for the manufacture 
of sodium sulphate and hydrochloric acid (page 501). 

Manufacture of Nitric Acid from the Air 

J. Priestley (1775) first noticed that an acid is formed when air is 
sparked continuously for some time, but he seems to have thought that 
the acidity was due to carbonic acid. H. Cavendish (1785) proved 
that the product of the action is nitric acid, while M. Berthelot showed 
that nitric oxide, NO. is an intermediate stage in the process. 

When a mixture of nitrogen and oxygen is raised to a very high 
temperature, the following equilibrium is set up: 

N 2 -f 0 2 ^ 2X0 - 43-2 Cals. 

Examination of this equation in the light of Le Chatelier's principle 
(page 223) shows that the amount of nitric oxide present at equilibrium 
will be greater at high temperatures, since heat is absorbed in the 
formation of nitric oxide. Similarly, since there is no volume change 
m the reaction, changes of pressure will be without influence upon the 
equilibrium. Investigation of this equilibrium by Xernst has shown 
that it is (»nly at temperatures above 2000 that a useful yield of nitric 
oxide is obtainable, and even at 3000 the equilibrium proportion is 
only about 5 per cent. 1 he usual means of obtaining such a tempera¬ 
ture is by the use of the electric arc, and this is the basis of the com¬ 
mercial application of this reaction known as the Birkeland-Evde 
process, which was formerly worked on a large scale in Norway but 
has now been superseded by the Haber process. 

In this process, illustrated by the diagram. Fig. 20.12, a large alter¬ 
nating current arc is struck between water-cooled copper poles, and 
spread out by means of an intense magnetic field into a disc of “ flame " 


Water _ _ 



Fig. -0.12. —liirkcluini-Lytic l’rocc^> General Arrangement (Diagrammatic) 
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about six feet in diameter. This is done inside a flat circular furnace 
made of steel lined with heat-resisting brick and a stream of air is 

b ' 0 ™hi r0 b“» rfd*!E proportion .1 nitric onidc at SuW is .bout 
5 m SSt tat at temperatures even ae high as 15W this iwma 
is kss than half of 1 per cent., so that it is necessary to coo the gases 
vervmiicklv so as to " freeze ” the equilibrium (see page 222). The 
^ ^ tho paepe -ind the thinness of the flame make it possible 

s pu,';-: .« 

b6ginS: 2N0 + 0,^2N0 s . 

This is a rather slow reaction, and in order thath^hall be.complete, 

the gases pass thr0U |J a XorpTkm towers are built of granite and 
j^KpTSbty to. » illiht: tbev are parked with broken 

quartz over which water is circulating. } _ntion towers is: 

The principal reaction taking place in the absorption towers is. 

2NO* + HoO ^ HNO, 4- HN0 3 , 

, . y •*_:r 'irirU is formed. The nitrous 

that is. a mixture of nitrous ai || j Nation int0 nitric acid and 

acid, however, decomposes in concern re 

nitric oxide: , livn , u n 

3HN0, = 2NO 4- HN0 3 4- H 2 u. 

The nitric oxide is reoxidized by^a^ pre^nt^nd 
as above. The final gases are absorbed m w js formed . 

carbonate where sodium nitrite (an m | . K *r cent strength is 

From the previous towers. themby forming 

obtained and is usually ilbt I un der the name of Norwegian 

ca cmm nitrate, which is sold as a fc rti 1. js dl5tllu . d and concen- 

saltpetre. Some of the nitric acid, n > 
trated and sold as such. 

Manufacture of Nitric Acid from Ammonia 

~ , i .. cnitablc catalyst, ammonia can be 

The fact that, in presence • oxide’ has been mentioned 

oxidized by the oxygen o the air to nit i, cl . n madc the basis 

previously (page 403) lh« has fronl thc air in countries 

wl^ynTeric ammonia is W* P-J-d in quantity ^ ^ <>f 

° f p ,atinum eauzc 

s 
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heated to about 700° in an apparatus arranged as shown diagrammati-, 


cally in Fig. 20.13. 



NO+Steam+N? 


Fig. 20.13.— Ammonia 
Oxidation (Diagrammatic 


The platinum gauze is heated electrically 
in order to start the reaction; but, once the 
rate of flow of the gases is properly adjusted, 
the heat of the reaction itself maintains the 
necessary temperature. 

4NH 3 + 50 2 = 4NO + 6H 2 0. 

The nitric oxide formed is converted into 
nitrogen peroxide and may be absorbed in 
the same way as described on pages 416-17. 
In many modern plants, the whole process 
is carried out at a pressure of 7-8 atmo¬ 
spheres and the absorption takes place in a 
water-cooled tower made of chromium steel 
and containing carefully designed baffles. 
The heat evolved during absorption can be 
dissipated more readily than in the old 
system on account of the conductivity of the 
steel; consequently a much smaller tower 
will serve. 


§ 20 Properties of Nitric Acid 

Nitric acid is a colourless mobile liquid which fumes strongly in air. 
It has a peculiar smell. The pure acid is hygroscopic and rapidly 
absorbs moisture from the air. It mixes in all proportions with water; 
and, as in the case of sulphuric acid, nitric acid contracts when mixed 
with water, and the mixture rises in temperature. The pure acid boils 
at 86 . and freezes to a white solid, melting at - 42°. An aqueous solu¬ 
tion containing 68 per cent, of nitric acid boils at 120-5°; more concen¬ 
trated solutions, and also more dilute solutions, boil at lower tempera¬ 
tures. A more dilute solution loses water on boiling, and a more con¬ 
centrated solution loses acid on boiling until OS per cent, of nitric acid 
of constant boiling point distils unchanged. This is the concentrated 
nitric acid of commerce. The specific gravity of the constant boiling 
acid at l.V is 1 *414. 

Nitric acid is readily decomposed by heat; some decomposition 
takes place, therefore, during distillation: 

4HN0 3 = 2H..0 -}- 0 2 -f 4N0 2 . 

It commences below OS' and at higher temperatures is very marked. 

The principal chemical properties of nitric acid fall into three main 
groups, viz., its reactions as 

(i) an acid, 

(ii) an oxidizing agent. 

[hi) a nitrating agent, 
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though there are, of course, reactions in which it acts in more than one 
way—for example, its action on copper (page olU). 

Nitric Acid as an Acid 

Nitric acid is a very strong acid in the sense in which the' strcng 
of acids is discussed in Chapter 12 (page 242). where it is^shown.that 
on the basis of the Ionic Theory, nitric and hydrochloric acids are the 

two strongest acids known. .. f in all 

Nitric acid exhibits the usual general properties of acids m all 

f0rmed: ZnO + 2HNO, = Zn(NO,) a + H 2 0. 

while with ferrous oxide, oxidation also takes place so that the fame 

sait resultS 3Fe0 + ioHNOa = 3Fe(N o 3 ) 3 + NO + 5H 2 0. 

The action of nitric acid on metals (see below) is complfcatedby 
oxidizing actions which take place, the aci < g 
an oxidizing agent. . rpadilv turne d out of its salts bv 

sulphuric acid, is an example of this. 

Nitric Acid as an Oxidizing Agent 

In consequence of the large proportion ofpelted that it 
of the ease with which it is decomposed t wo^ld 

would be a powerful oxidizing agent. . ho rus to phosphoric 

sulphur is oxidized to sulphuric acid, and phosphorus to phospn 

acid: s + 2HNO, = H.SO, + 2NO 

3 P + 5HN0 3 + 2H..0 = 3H 3 P0 4 + 5NO. 

Ferrous sulphate is similarly oxidized to ferric sulphate in the presence 

IS.^HNO. + 3H.SO. - 3Fc,(SO,), + 2ND + 4H,0. 

Cane-sugar b “^““^,0, + SH.O. 

Nitrating Action of Nitric Acid 

Nitric acid reacts with a great many organic 
merely oxidizing them to Sawdust, the mass often 

burst"int^flame"*"!fa*dish oTfumlng nitric acid be placed in a basin in 
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the bottom of a glass cylinder, and a little turpentine be added from a 
pipette, the turpentine will burst into flame. Glowing charcoal con¬ 
tinues to bum when plunged into the acid. 

But it does not always act with such violence, and in many cases 
causes the replacement of one or more hydrogen atoms of the organic 
compound by the - N0 2 radical, which is known as the nitro-group. 
This process is known as nitration and is of great theoretical and 
practical importance. Thus, benzene is converted into nitrobenzene 
by a mixture of concentrated nitric and sulphuric acids: 

C 6 H 6 + HN0 3 = C e H 5 N0 2 + H 2 0. 

§ 21 Action of Nitric Acid on Metals 

Nitric acid attacks all metals under appropriate conditions, except 
gold, platinum, iridium, titanium, tantalum and rhodium. Chromium 
and iron, however, are rendered passive by acid of a certain strength 
(pages 805 and 855); while tin, arsenic, antimony, tungsten and 
uranium are changed into their oxides and the other metals give 
nitrates. 

But as a rule, the reaction is complicated by the simultaneous occur¬ 
rence of oxidation and the normal acid reaction. In consequence, 
hydrogen is not evolved by the action of nitric acid on metals except 
when cold very dilute nitric acid acts upon magnesium or manganese, 
and even then the conditions have to be very' carefully adjusted. In 
all other cases, one or other of the many possible reduction products of 
the acid is evolved, the nature of which depends upon the metal and 
the conditions. Thus, copper, silver, bismuth and mercury give mainly 
nitrogen peroxide (page 432) with the concentrated acid: 

Cu 4 - 4HN0 3 = Cu(X0 3 ) 2 + 2H 2 0 + 2NO t 
and nitric oxide (page 427) with the dilute: 

3Cu + 8 HXO 3 = 3Cu(X0 3 ) 2 + 2NO 4- 4H 2 0. 

Iron, zinc, and cadmium, however, give mainly nitrous oxide (page425) 
with the dilute acid, but with more concentrated acid may yield 
ammonia or hydroxylamine: 

4Zn + IOHNO 3 = 4Zn(N0 3 ) 2 4- 5H.>0 4 - N o 0 
4Zn 4 - 0HNO, = 4Zn(N0 3 ) 2 4- 3H,0 4- NH 3 
3Zn 4- 7HN0 3 = 3Zn(N0 3 ) 2 4 - NH 2 OH 4 - 2H 2 0. 

The ammonia, of course, reacts with excess of nitric acid to form 
ammonium nitrate. In certain circumstances, hyponitrous acid (page 
424), or nitrogen, may also be formed by the action of nitric acid on a 
metal. 

Ilu* precise mechanism of these reactions is still obscure but it may 
be noted that the metals which give mainly nitrogen peroxide with 
concentrated nitric acid (copper, silver, bismuth and mercury) are 
below hydrogen in the electrochemical series and so do not liberate 
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hydrogen from other dilute acids. It may be, therefore, that the b 
action of dilute nitric acid on copper, for example, is the direct ox.da 
tion of the metal to copper oxide (with consequent reduction oMhe 

nitric acid) followed by salt formation by the me ‘ tba t these 

acid. This view is supported by the fact <W. H. ^y. 1890 ) th a t these 

metals have no action on cold dilute nitnc aci u ., ox j ( ji zes 

acid or a lower nitrogen oxide is present, since nitrous aud oxidizes 

more readily than nitric acid. The formatio tben be 

when warm concentrated nitric acid react* \u nitric acid 

due to the oxidation of the nitric oxide hrst formed by more nitric acid. 

2HN0 3 -f NO ^ H 2 0 4- 3X0 2 . 

Iron, zinc and cadmium, on the other hand, arc T e ^ r ^ C b ’^ r0 g en 
ing above hydrogen in the c lcctr ^hemica * * • wi th nitric 

from dilute acids so that it i* possible that, . ^ 

acid, hydrogen is first formed ; which then reduces more of the acia 

hyponitrous acid, hydroxylamine or ammonia. 

“ acid is now represented as a resonance hybrid (page .50, of the two .onns 


-N and H—O—N since 

\ 

O 


the nitro-Rroup —NO, has been shown 


\ 


to be (in effect) symtnetncai. V- ““ *° “ 

represented as a resonance structure embodying the three lorrns 


O 
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§ 22 Uses of Nitric Acid 

Nitric acid finds many appheatOxidizing 
industry. In the former, it is frequt > I ox j c j cs oxyacids, 

agent as, for example the P' e P ara £™ ^, ts qualitative analysis, 
and in the oxidation of ferrous to 11 1 d is an important 

It is also a constituent of aqua regia l™™ ' nitratio ,, 

reagent in organic chemistry bot,<r ' llt , tK . s f or the production 
Industrially nitnc acid “ ^ manufacture of many 

of explosives, e.g.. T.N. I. (tnniiroioiu ^ industry; in 

mtro-compounds, for use as ‘ . ( si , wr n jtrate for photo- 

the production of celluloid, collodion d ., d (or cleaning metals 
graphic and other purposes. I « “» [ d ' signs on CO pper. It is 

>" 0,0 O. iwmy n.odon, 

plastics and lacquers. 
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§ 23 Detection and Determination of Nitric Acid 

Nitric acid and nitrates are usually detected by the brown-ring test. 
The material to be tested is mixed with excess of concentrated sulphuric 
acid and cooled. Ferrous sulphate solution is then poured carefully 
down the side of the test-tube, so as to form a layer on the surface of 
the sulphuric acid. A brown ring, or layer, at the junction of the two 
liquids indicates the presence of a nitrate. This is due to the formation 
of nitric oxide through the reduction of the nitrate by some of the 
ferrous sulphate. This nitric oxide then forms the dark-coloured double 
compound, FeS0 4 .NO (page 428), with more of the ferrous sulphate. 

Another simple qualitative test for a nitrate is to treat with concen¬ 
trated sulphuric acid and warm, and then to add copper turnings., 

1 he formation of brown fumes of nitrogen peroxide indicates the 
presence of a nitrate. 

^•J he u qU ^ n u tit ? tive d * terminat ion of nitnc acid and nitrates is rather 
aitncult. The free acid can, in absence of other acids, be titrated with 
standard alkali 1 he most usual means of estimation is the use of 
Devarda s alloy (page 397), which yields ammonia quantitatively when 
heated with a nitrate in strongly alkaline solution. The ammonia 
formed is distilled into standard acid (page 407). 

th^nit™? Cal ?, also be determined by shaking a solution containing 
1 ?nth concentrated sulphuric acid and mercury in a closed 
. h ?j cb y thc nltrate is reduced to nitric oxide. The volume of 
" ‘f accurately measured and the weight of nitrate radical 

oride bv“this C n Ca CU a > d -‘ S ' nCe nitrites are also reduced to nitric 
separately . tHlS P 1S necessar y tG remove or determine them 

of N an ra orga“c ba« b known™^ by precipitation as the nitrate 

t-ioHi,N ( .HNO,. ’“'on The precipitate has the composition 


§ 24 Nitrates 

f salts of n,tnc acid are known as nitrates. Thev are usually 
readily soluble in water and form well-defined crystals When heated 

ing to whether a salt of (i) an alkali metal, (ii) a heavy metal fiiil a 
noble metal, or (tv) ammonia is concerned. y ’ ( 

The nitrates of the alkali metals decompose on heating into the 

corresponding nitrite and oxygen: uraung into tne 

2KNO, = 2KNO. + O*. 

(pie"432) r and the oride oTtheTeb-U.^.g": ° Xyeen ' P" 0 *** 

2Pb(NO J ), = 2PbO + 4NO t + O., 
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Ammonium nitrate decomposes on heating into nitrous oxide (page 
425) and water: _ N ,0 + 2H,0. 

The nitrates of silver and mercury yield the metal on heating : 

2AgN0 3 = 2Ag + 2NO, + O. 

Hg(N0 3 ) 3 = Hg + 2NO, + 0„. 

§ 25 Nitrous Acid, HNO, 

Nitrous acid is known only **^**5? X? SeSS 
solution, on account of the reaaines 

*srs- r - , y ssjarjSBtttSS 

(page 431) is dissolved m water at 0 . a"db> ^ theoreti . 

!hc .he whokbcing cooicd »«•= 

Ba(N0 2 )j + H.SO, = BaSO, | + 2HNO,. 

The precipitated bari ^ m ^n s atC Sl C i“ r midland dilute HC1 can be 
solution of nitrous acid remains, b 

used similarly. 

yz -f <■ .*** fASssnsss s sss 

tests sssa»>* 

3HNO. = HNO, + 2NO + H,0. 

In concentrated solution ‘or at higher temperatures, it breaks up into 
mixture of nitrogen peroxide and nitric ovule . 

2HNO, = NO + NO, + HjO. 

., . .; up md behaves cither as a reducing 

Nitrous acid « very reac,,ve ^ in g t0 the circumstances. Thus 
agent, or as an oxidizing a 8 c " 1 ac ^ cs dichroinates. chlorine and 
on the one hand, it reduces perm a 

bromine, e.g.: 

5KNO, + 2KMnO, + 3H.SO, + ^ + „ MnS0 , + 3 „, 0 

HKO 4- Hr., 4- H 2 0 - HNO, 4- -HBr, 

* fnr its volumetric determination. On the 

the former reaction serving for its . 

other hand it oxidizes hydnodic acic o ' 

2HNO, + 2HI - 2H.0 + 2NO + 1,. 

and reducing ^.nU ,»ch m mlpto ■«»"* »d «““>* " 

“Kttd me mtk |m “ ,IV " ,K “ iCl 
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-containing the —NH 2 radical, eliminating the nitrogen of both sub¬ 
stances as the free element, e.g.: 

NH 3 + HN0 2 = NH 4 N0 2 = N 2 + 2HjO. 


Formula 

Two formulae have been suggested for nitrous acid, viz.: 

H—N and H—O—N = O. 

O 

The evidence available, some of it drawn from organic chemistry, 
indicates the existence of derivatives of both forms; the free acid is 
probably: 

H—O—N = O. 


Nitrites 

The salts of nitrous acid are called nitrites. They are mostly very 
soluble salts, the only important exception being silver nitrite which 
is only sparingly soluble. A number of complex nitrites are known, 
some of which are noteworthy, e.g., the cobaltinitrites which are used 
in analysis. 


§ 26 Hyponitrous Acid, H 2 N.,0. 2 

Hyponitrous acid and hyponitntes arc obtained by the reduction of nitrites 
When a solution of potassium or sodium nitrite or nitrate is treated with a 
solution of metallic sodium in mercury—sodium amalgam—the hydrogen 
liberated reduces the nitrite or nitrate, forming a new salt—sodium hyponitrite: 

2NaNO, (8H) = 4H,0 + Na t N t O, 

The alkaline solution can then be neutralized by acetic acid; and when silver 
nitrate is added. .1 yellow precipitate of silver hyponitrite. Ag,N,O t . is formed. 
Hv treating silver hyponitrite, suspended in dry ether, with a solution of hydrogen 
chloride m dry ether and evaporating the clear solution white deliquescent 
crystalline plates are obtained This is hyponitrous acid The solid is very 
unstable and i> liable to exploit*.* even below 0° 

It decomposes slow l v when exposed to the air. giving nitrous and mtnc acids: 

2H,N v O, + 30, =. 2HNO, + 2HNO, 
but boiling its aqueous solution causes the formation of nitrous oxide 

H,N t O, = H t O + N t O 

It is a dibasic acid, and the available evidence, derived mainly from organic 
chemistry, suggests that its formula is: HO—N = N_OH 


$ 27 Oxides of Nitrogen 

l here are live well-established oxides ol nitrogen, viz.: 
Nitrous oxide, N 2 0; 

Nitric oxide, NO; 
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Nitrogen trioxide. N 2 0 3 ; 

Nitrogen peroxide. N0 2 ^ N 2 0 4 ; 

Nitrogen pentoxide, N 2 O s . 

Others, such as N0 3 , have been reported but their existence is doubtful. 

§ 28 Nitrous Oxide, N 2 0 

Nitrous oxide was discovered by J. Priestley (1772). who made it 
by reducing nitric oxide with moist iron tilings. 

2NO -|- H 2 0 + Fe = N 2 0 -f I*e(OH) 2 . 

It is usually prepared from ammonium nitrate which yields the gas 

when heated: N „ 4 N0 3 = N t O + 2H s O. 

Kg' stss Z 

the round-bottomed 

flask and heated, care 
being taken to avoid 
heating too strongly 
which causes explo¬ 
sive decomposition. 

The gas is sometimes 
collected over hot 
water on account of 
its perceptible solu¬ 
bility in cold. But it 
is then very moist 
and, in fact, can per- * thus prepared, nitrous 

fectly well be collected over cold%'n<fchlorine P (from the ammo- 
oxide may contain traces of nitnc oxide ‘ nitrate!. These may 

nium chloride sometimes present m amin iution and sodium 

be removed by washing with ferrous sulphate solution 

hydroxide. ammonium sulphate can be used 

A mixture of sodium nitrate.and a: 1 £ evolution of gas 

as a source of nitrous oxide, m this c explosion 

takes place more slowly, it is more uniform and the P 

is removed. , ho itine a mixture of stannous 

Nitrous oxide can also be prepared y ^nitric acid, when the 

chloride with hydrochloric acid and a littlemtnc ac 
reaction occurs as represented by the equa 

4SnCl, + 2HNO, + 8HC1 = 4SnCl 4 + N.0 + oH,0. 



Fig. 20 . 14 .—Preparation of Nitrous Oxide 


Properties 


Nitrous oxide is a colourless gas with ^ t 0 <>. aiu j 

water, at 760 mm. pressure, dissolve 130 c.c. ol tne gas 
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63 c.c. at 20°. The aqueous solution has a sweetish taste. The gas 
condenses to a colourless limpid liquid at 0° under a pressure of 30 
atmospheres. M. Faraday liquefied the gas in 1823. Liquid nitrous 
oxide can be purchased in steel cylinders. The liquid boils at - 89-5°, 
and freezes to a snow-like mass when allowed to evaporate. The cubic 
crystals melt at - 102-4°. 

Nitrous oxide resembles oxygen in its behaviour towards combus¬ 
tibles. A brightly glowing splinter bursts into flame when plunged 
into the gas. Ignited phosphorus, sulphur, etc., bum vividly in nitrous 
oxide gas. 

The burning body decomposes the nitrous oxide, unites with the 
oxygen, and leaves the nitrogen as a residue. If sulphur be but feebly 
burning, its flame is extinguished when plunged into nitrous oxide, 
probably because the temperature is not high enough to decompose 
the gas. It is therefore easy to mistake nitrous oxide for oxygen. 
One distinguishing test is to add a bubble of the suspected gas to nitric 
oxide (page 427); if brown fumes are produced the gas is oxygen. 
Nitrous oxide does not give brown fumes with nitric oxide. 

When inhaled, nitrous oxide produces unconsciousness, and insensi¬ 
bility to pain. Hence it has long been used as an anaesthetic for 
small surgical operations, e.g., in dentistry. But owing to the unpleasant 
after effects sometimes produced, it is not used so much as formerly. 
If the inhalation be long continued, it may produce death; while if 
but small quantities arc inhaled, it may produce a kind of hysteria, or 
intoxication. Hence the gas is sometimes called “ laughing gas.” 

Ihe formation of nitrous oxide is an endothermic reaction: 

2N 2 -f 0 2 = 2N a O — 36 cals. 

Nitrous oxide decomposes with an explosion 
if a fulminating cap be detonated in the gas. 
Nitrous oxide decomposes into its elements 
when heated; two volumes of the gas furnish 
two volumes of nitrogen and one volume of 
oxygen—three volumes in all. 

In common with the other oxides of nitrogen, 
nitrous oxide is reduced w r hen passed over red- 
hot copper: 

Cu + N 2 0 = CuO -f- N t . 

Composition and Formula 

1 he gas, w'hen decomposed by means of a 
heated iron w'ire in an apparatus such as that 
indicated in Fig. 20.15. yields its own volume 
of nitrogen. (Copper may be used similarly.) 
Fig. 20.15.— Composition Since the nitrogen molecule is diatomic nitrous 
Of Nitrous Oxide oxide must be N t O„ where n is still to be 
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20} nitrogen 

determined Its vapour density has been found to be 221H. = 1). 
hencTits molecular weight is 44, » = 1. and its molecular for ™ u *iV s 
N O It has been shown to have a linear structure, and is now formu¬ 
lated as resonating (page 150) between the structures 
N s N -* 0 and N ±: N = O. 


§ 29 Nitric Oxide, NO 

/17701 i s generally regarded as the discoverer of nitric 
J Pnestley 0 77 ->»“ de it by treating iron with nitric 
oxide; although J. Ma « reddish-brown fumes 

acid; and R Boyle 167 "J , h .-a,, al.haush 

in contact with air. J. B. van Heimo l b dioxide, probably 

his descriptions seem ^for a number of different 

because he had one name gas s\ 

gases. 

rssriK SLrwss in-»— 

with water, and about 
the same volume of con¬ 
centrated nitric acid is 
added. A rapid evolu¬ 
tion of gas occurs. The 
gas should be collected 
as soon as possible be¬ 
cause when the reaction 
has been in progress 
some time, particularly 
if the temperature rises 
during the reaction, 
nitrous oxide and ni¬ 
trogen may appear with 

the nitric oxide. filled with brown fumes owing to the 

At first the flask is seen to be nlk . < n : tr ; c ox j<] e with 

« * ■—* ~ 

Wa Apurer gas is obtained by reducing potassium nitrate with ferrous 



Fig. 20.16.—Preparation ot Nitric Oxide 
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sulphate, acidified with sulphuric acid, or ferrous chloride acidified 
with hydrochloric acid: 

KN0 3 4- 3FeCl 2 -1- 4HC1 = 3FeCl 3 + KC1 + 2H a O 4- NO. 

According to L. VV. Winkler (1889), highly pure nitric oxide can be 
made by dropping a 50 per cent, solution of sulphuric acid upon a 
mixed solution of potassium iodide and sodium nitrite : 

2KI -f 2NaN0 2 4- 2H 2 S0 4 = 

K 2 S0 4 4- Na 2 S0 4 4- I* 4- 2H a O 4- 2NO. 

A very pure nitric oxide also results from the action of mercury on 
cold concentrated sulphuric acid to which nitric acid or a nitrate has 
been added: 

2HN0 3 + 3H 2 S0 4 4 - 6Hg = 3Hg 2 S0 4 4 - 4H a O 4- 2NO. 

The gas obtained from copper and nitric acid may be purified by 
absorption in cold, saturated ferrous sulphate solution (see below) 
from which it is recovered almost pure on warming. It still contains 
traces of nitrous oxide on account of the solubility of the latter. The 
specially pure nitric oxide used by Gray in determining the atomic 
weight of nitrogen (page 396) was purified in the following way. The 
crude gas was first passed through a large volume of water; then 
through concentrated aqueous potassium hydroxide solution; and 
dried by means of solid potassium hydroxide and phosphorus pentoxide. 
It was finally liquefied and fractionated twice in special apparatus, to 
remove nitrous oxide and nitrogen respectively. 


Properties 

Nitric oxide is a colourless gas, a little denser than air. When 
brought in contact with air, it immediately combines with the oxygen, 
forming brownish-red fumes of nitrogen peroxide. Hence it is not 
possible to describe the smell and the physiological action of this gas. 
If the two gases—nitric oxide and oxygen—be thoroughly dried, no 
combination occurs (cf. page 2‘H>). 

Nitric oxide is difficult to liquefy. At -93-5°. a pressure of 71-2 
atmospheres is required to liquefy the gas. The liquid is colourless if 
air be excluded, otherwise the liquid may be tinted green or blue. The 
liquid boils at - 151°, and the white solid melts at - 161°. 

Nitric oxide is very sparingly soluble in water at ordinary tempera- 
tures. It dissolves in a solution of ferrous sulphate. A “ compound " 
of nitric oxide and ferrous sulphate appears to be formed. This 
imparts a dark brown colour to the solution. The '* compound M is 
decomposed when heated to about 60°. and nitric oxide is evolved. 
It is not very clear if a true compound is formed between the nitric 
oxide and the ferrous salt, because its composition seems to vary with 
the temperature of formation. Thus at 8 C the composition corresponds 
with 3FeS0 4 .2NO; from 8° to 25°, about 2FeS0 4 .NO; and above 
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25° 5FeSO..NO. With these facts, and the law of constant composi¬ 
tion before us, we cannot very well say that ferrous sulphate forms a 
true chemical compound with nitric oxide. Ferrous, cobaltous. 
nickelous, manganous, and chromous chlorides give similar results. 

Nitric oxide, however, is one of the most stable of the nitrogen 
oxides. Decomposition does not begin when it is heated until the 
temperature reaches 500' and is still slight at 900'. The reaction 

2NO ^ 0 2 + Nj 

is reversible, as indicated on page 410, so that at still higher tempera¬ 
tures, say, 3000°, over 4 per cent, of the mixture of nitrogen and 

oxveen will combine to form nitric oxide. 

Nitric oxide is not combustible, and it only supports combustion 
under special conditions, that is when the temperature is raised 
sufficiently to decompose the gas. The flame of feebly burning phos¬ 
phorus is extinguished, but if the phosphorus be burning vigorousK. 
combustion is continued in the gas. Burning sulphur 'S extmgu.sh^ 
but if the sulphur be boiling when it is plunged in the gas combustion 

sometimes continues. , iwnvide 

Nitric oxide is converted by oxidizing a ^ nt ,^d " ctlv irith 
or nitrates. The gas, as noticed previously, combines directl> with 

oxygen in the cold form in • nitrogen peroxide. 

2NO 4- 0 2 = 2N0 2 . 

Other oxidizing agents usually form nitric acid, e g.: 

2 NO + 3I t + 4H,0 = 2HNO, + 6HI 

10NO + 6KMnO« + 9H 2 S0 4 = n 

10HNO;, + 3KjS 0 4 + 0MnSO 4 + 4H.O. 

Nitric oxide reacts however, with many reducing agents and is 
usSl? converiedTnto nitrogen, but occasional>na or nitrous 
oxide is formed. Thus, sparking with hydrogen gives 

2NO + 2Hj = N* + 2H.O, 

but if a mixture of nitric oxide and hydrogen be passed over a catalyst 
(such as platinum black), ammonia results. 

2NO + 5H 2 = 2NHj + 2H.O, 

while with concentrated aqueous potassium hydroxide nitrous ox.de 

formed. _j_ 2KOH = N 2 0 + 2KNO. + H s O 

and with sulphurous acid (or sulphur dioxide in presence of water) 

nitrous oxide is also produced: 

2NO + H 2 S0 3 = N 2 0 + H 2 S0 4 . 

Nitric oxide readily forms addition products e^g.. with oxygen, 
and metallic salts as above, and also with the halogens. 

2NO + Cl 2 = 2NOC1 

nitrosyl 

chloride 
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Formula 

The formula of nitric oxide is determined by means of an apparatus 
such as that indicated in Fig. 20.17. A spiral of iron 
or nickel wire is strongly heated electrically in a 
measured volume of nitric oxide, thereby reducing it 
to nitrogen. After cooling, the nitrogen is found to 
occupy half the volume of the nitric oxide from 
which it is formed. That is, nitric oxide contains half 
its own volume of nitrogen and hence, by Avogadro's 
hypothesis, its molecular formula is NOx where x has 
still to be found. The vapour density of nitric oxide 
has been found to be 15(H 2 =1), hence its molecular 
weight is 30, x = 1, and the molecular formula is NO. 

The gravimetric composition of nitric oxide was 
determined by Gray (1905) using the apparatus in¬ 
dicated in Fig. 20.18. It consisted of a combustion 
bulb, fitted with a ground stopper, carrying two 
thick platinum electrodes. Joined to the stopper was 
a stopcock and capillary glass tube, the latter being connected to the 
rest of the apparatus by a ground joint. The electrodes were con¬ 
nected inside the bulb to thick nickel wire leads which supported a small 
porcelain boat containing finely divided nickel. The boat had a fine 





Fig. 20.17. 
Composition oi 
Nitric Oxide* 



Fig. 20.18. —Gray's Apparatus 
(Adapted from J. Chem. Soe.. 1905.» 


platinum wire wound round its whole length and connected to the 
nickel leads so that the boat could be heated by connecting the elec- 
trode?% to a source ol electricity. 1 he absorption bulb was connected bv 
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another ground joint and could be immersed in liquid air in a Dewar 
flask as shown. The combustion bulb was first completely evacuated and 
weighed It was then filled with pure nitric oxide to a pressure of nearly 

again"I*.nickel ink M'«. 

for 15 minutes After cooling, the combustion bulb was put into com 
munication with the absorption bulb (%yliich contained ^fred coco- 

nut charcoal and which had been previous y ' * g■ had been 

immersed in liquid air. After 30 minutes, when all the »'* 
absorbed by the charcoal the bulbs were weighed agaim 1 he mmen 
the weieht of the absorption bulb is the weight of nitrogen which was 

combined with a weight of oxygen given by the , h at0 ^ c 

of the combustion bulb. Gray used his results to calculate the atomic 

”'it' .» «>» with the accepted valenciea 

which ndric oxide unites with othc,d- £ 
direct addition suggests that sitcc ™^ ^a ( t^^ |oubie ' mokculei 

Pauling 6 consider^ that'the nitric oxide U best replied a. a resonance 
hybrid of x . 


k :0: 


x N *: O: anc * * ^ 

which he thtoks may be equivalent to the formation of a peculiar 

3-electron bond, thus: 

This, it is thought, may be d.e capl.na.ion ot the absence ol 
polymerization. 

§ 30 Nitrogen Trioxide, N 2 0 3 

When a mixture of nitric oxide and ,^°^ puro form of 

through a tube cooled to about « • Mujsh li( . ui j \ s soon as 

nitrogen trioxide— N s 0 3 — condense. . 1 escapes, and 

the temperature rises, the liquid chssocuatos. » me i ting . 

leaves a residual yellow liquid of g n pcrox jde indicates 

point curve of mixtures of nitric, om * . i )OUt - 102*. 

the formation of a compound N 2 0 3 union of solid nitrogen 

The tnoxide is also produced l\ lion 0 f oxygen on liquid 

peroxide with nitric oxide, andI by , resembling chromic 

nitric oxide; and as a green ^^‘Xmes are passed through 
hydroxide, when a senes ® f to be formed when 

liquid air. The tnoxide, not the pc • ' * * helow - 100°. 

nitric oxide unites with oxygen at ompc^ nitrogen trioxide can 

A gas containing a considerable proportion oi fc> 
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be obtained by the action of arsenic trioxide on 60 per cent, nitric acid; 
the nitrogen trioxide can be condensed out of the mixture by cooling. 
The composition of nitrogen trioxide has been established bypassing 
the products of its decomposition over heated copper, and weighing 
the copper oxide and the nitrogen. 

Nitrogen trioxide derives some interest and importance from the 
fact that, theoretically, it is the anhydride of nitrous acid. When 
dissolved in water it gives a mixture of nitric and nitrous acids, but 
with alkali it combines to give only the nitrite. 

According to H. B. Baker (1907), if the liquid be thoroughly dried, 
it vaporizes without dissociation, forming a gas which has a vapour 
density never below 38(H 2 = 1), but generally much above that number 
which corresponds to the formula N 2 0 3 . If this be confirmed, it is 
the only direct evidence we have of the existence of the gaseous 
nitrogen trioxide. The freezing-point method of determining the 
molecular weight in acetic acid furnished W. Ramsay (1888) with 
numbers between 80-9 and 92-7—theory for N 2 0 3 requires 7602. 
Hence the liquid is partly polymerized. B. M. Jones (1914) concluded 
that the dry liquid consists mainly of N 4 O e molecules, which on 
vaporization give N 2 0 3 , N0 2 and NO in equal volumes. Many reactions 
formerly said to yield the trioxide really give a mixture of nitric oxide 
and nitrogen peroxide. 


§ 31 Nitrogen Dioxide, 
History 


Nitrogen Tetroxide, Nitrogen Peroxide * 
2N0 a ^ N 2 0 4 


As indicated in discussing nitric oxide, R. Boyle (1671) knew that 
nitric oxide formed brown fumes in air, and these brown fumes are 
mentioned in alchemical writings as the blood of the salamander . Since 
nitrogen peroxide is always formed during the preparation of nitric 
acid, nitrogen peroxide must have been recognized as a gas whenever 
nitric acid was made. J. L. Gay-Lussac (1816) first made its composi- 


Prcparation 

Nitrogen peroxide results when nitric oxide and oxygen are mixed: 

2NO + O. = 2NO„ 

™rw| S '< an lnU ‘ rostin K mode of formation rather than a practicable 

Citric acfd* „I Cpara "• 11 also resuIts from the acti on of concentrated 
nitric acid on copper: 

Cu + 4HN0 3 = Cu(N0 3 ), + 2NO, -f 2H t O. 

ordina'rv°tcmDcraiu'r!'s * l ? c commonl y “PPliod to the gas obtained at 

molecular species. NO, and \ 0^0^11^! bC '°' V ' a . “ ,ixture of two 
. clature is to call NO, 
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It can be prepared conveniently in small quantities byheat.ngthe 
nitrate of a heavy metal, dry lead nitrate being the one most usually 

employed. 2Pb(NOa) 2 = 2PbO + 4NO. + O s . 

It is then separated from the oxygen formed l at the smk VrTezinJ 
passing the mixed gases through a U-tube 1 . a ve n ow 

mixture (Fig. 20.19). The nitrogen peroxide condenM‘ to a yel^ 
liquid, while the oxygen escapes. (If any moisture be p 

“thebJtTe'thod of preparation is said to be to heat nitr^yl h^rogen 
sulphate (page 435) with dry potassium nitrate (Park and g 

1924 ’ NO.HSO* + KNOj = N,0, + KHS0 4 . 

rt 

It is also often prepared by 
the action of arsenic trioxide on 
ordinary concentrated nitric acid 
(sp. gr. 1-42). When these two 
substances are warmed together, 
the nitric acid is reduced. As 
the reaction proceeds the con¬ 
centration of the nitric acid 
diminishes, and consequently the 
nature of the reduction product 
changes. As a result a mixture 
of oxides of nitrogen contain¬ 
ing a considerable proportion of _ 

nitrogen peroxide is formed, lhe fig. 20.19. 

gases, as before, are led through Preparation of Nitrogen iroxl t 

a U-tube immersed in a freezing d a current of air or oxygen 

mixture. When evolution of ga- h< h ’ e s yellowish-brown to re- 
is passed through the liquid until, it becomes >c 

move or oxidize any nitrogen trioxi p 

Properties co)our of which deepens on 

Nitrogen peroxide is a brown g• , N - 0 „ molecules present at 

heating, owing to the larger P r<) P and pung ent odour and an acid 
higher temperatures. It has a str„ n e coolc d it readily condenses to a 
taste and is very poisonous. \\ he ps tQ a colour i oss solid (m.p. 
yellow liquid (b.p. 21*1 ) and finally 

-904*). .. „ 0 „ rnxidc is of interest. On heating 

The action of heat on nitrogen p temperature of the 

the liquid from about the melting , \ • rcen i s h- V ellow tint, which 

liquid rises, it begins to acquire i l () o liquid is distinctly yellow: 
becomes deeper and deeper, unti1« nd f nns a reddish-brown 

at 16°, orange; andatSM* ^ docper until . 

vapour. The colour of the vapou 
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at 40°, it is dark chocolate-brown, and almost opaque; at 140° the 
vapour is almost black. On cooling the vapour, the same changes 
occur in the reverse order. 

The vapour density of the gas at ordinary temperatures is inter¬ 
mediate between the values corresponding to the formulae NO a and 
N 2 0 4 respectively, as seen from the following table. 


Table XXX.—Vapour Density of Nitrogen Peroxide 


Temperature 

Vapour Density 
(Hydrogen = 1) 

Percentage of 

NO, molecules 

26*7° 

38*3 

20*0 

60*2° 

30-1 

52*8 

100*1° 

24*3 

89*2 

135 0° 

23 1 

99*2 

140° 

23*0 

100*0 


The figures in the last column are obtained as follows: 

Let x = fraction of the total volume present as NO a molecules. 
Ihen 1 -x = the fraction present as N 2 0 4 molecules. 

Hence the vapour density of the gas 

_ 46* + (1-*) 92 

2 

Whence * _ 46-(Vap. Dens.) 

23 

raking, for example, the case where the vapour density is 38*3 
if., at 26-7°), we have: 

46 - 38-3 
23 


— 0*333, i.c., 33*3 per cent, by volume of NO a . 

In these circumstances 1 volume of gas contains 0*333 volume of NO, 
molecules ami 0-00. volume of X.O, molecules. Each molecule of 

the hitter weighs twice as much as the former, so that the total weight 

oi me gas is ° 

0*333 -f- 2 x 0*667 unit 

= 1-K07 units when there is0-333 unit of NO, molecules present. 
Hence there will be 

0*333 

— o7 = 0-20 unit 

NO K ?nol > <xule^' U " 2 ° Ce "* ° f the to,al wci S ht of ‘he will be 

turH 1 er n a ni < L, t -T P ° ralUU ' above 140 ’ the density decreases still 
lurther and g.ts begins to grow paler again. This is because an appre- 
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ciable number of the dark brown moleeulescfNOb^ to dissociate 
into a oolourless mixture of nitric oxide and oxygen. 

2NO„ = 2NO + 0 2 

may therefore be represented by the equations. 

140 9 620° 


- 9-04 t 


2i r 


n*o 4 

solid 
colourless 


n,o 4 

Liquid 

yellow 


n,o 4 

vapour 
reddish-brown 


2NO, 
very dark 
brown 


2N0+0, 

colourless 


coiourieas r , . , .. 

Nitrogen peroxide is no. ««*«**. ^ii In'S"— 
of a taper. Phosphorus, sulph * w . w j ien thc temperature of 

may continue burning in the gas j Lose the gas. Nitrogen 

combustion is sufficiently hi^h phosphorus, carbon, pot.is- 

peroxide is an energetic ox'diziig jn l the gas are oxidized, 

sium, mercury, copper, etc., «hc h „,dine i rom potassium 

while the gas is decomposed. The gas iioiraxes Nitrous 

iodide; and it reduces Pf^anyanafft. does not 

oxide, indeed, is the only gase> k permanganate. Nitrogen 

decolorize aqueous ~rnxfie in sonic ol ils reactions. 

^,r p TSr»”"l%..crby A. low temperatures, a 

mixture of nitric and nitrous acids is ° rnlLC . 

2NO, + H 2 0 = HNOj + HN0 3 . 

„ . .. . mixet l anhydride.” The solution of 
for which reason it is called a • - nitrous acid decompos- 

mixed acids is unstable, unless very dilute, the 

ingthUS - 3 HNO, = HNO, + 2NO + H 2 0. 

This reaction is an important step in the process for the synthesis of 

nitric acid from the air (page 41 /). < nitrogen peroxide, the 

When water is treated with ^^ 10 , Jreen. orange. 

solution passes through a scries «f nitrogen peroxide in the 

This is due to the gradual so .U.«n .>f ,'Ih * present . 

nitric acid formed as just indica 

the solution finally becomes colourless. su | p huric acid forming 

Nitrogen peroxide dissolves in c nitro-sulphuric acid and 

nitrosyl hydrogen sulphate, formerly known 

nitric acid: HtSOt 4 - 2N0 2 = NO.HSO, + HNOj. 

This compound is sometimes p " 0 '' u " pl m r ‘jf‘ a dd manufacture if the 
formed in the chamber process lor •“ P“'I 
supply of steam or water be insullicie (P g 
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Composition and Formula 

When nitrogen peroxide is decomposed with copper, or nickel, as 
in the similar investigation of nitric oxide (page 430) the results indicate 
a percentage composition corresponding to the empirical formula 
N0 2 . Vapour density measurements, as shown above, point to an 
equilibrium mixture of N0 2 and N 2 0 4 . It is thought that N0 2 is best 
represented by O = N -> O and that N 8 0 4 should be formulated 



According to Pauling N0 2 may be a resonance hybrid, similar to 
nitric oxide (page 431), with a three-electron bond: 


0 :: N *0 


and :Q : N :: 0 : 


§ 32 Nitrogen Pentoxide 

Nitrogen pentoxide is obtained by adding to pure, well-cooled nitric acid 
contained in a distilling flask twice its weight of phosphorus pentoxide. The 
temperature is raised to 60-70° and the nitrogen pentoxide distilled in a current 
of ozonized oxygen, into a scries of well-cooled wash-bottles. 

4HNO, + P 4 O 10 = 2N t O* + 4HPO,. 

Nitrogen pentoxide also results from the action ol ozone on nitrogen peroxide, 
and from that of chlorine on dry silver nitrate: 

4AgNOj + 20, = 4AgCI + 2N t O t + O t . 

Properties 

Nitrogen pentoxide is obtained as above in the lorm ot white crystals. Its 
melting point is given as 30'*. and above its melting point it decomposes: when 
tapidly heated it explodes 

2N,0 4 = 2N,0 4 + O,. 

It reacts with water, producing nitric acid, and hence it may be regarded as nitric 
anhydride: 

N t O* -f H,0 = 2HNO,. 

Composition 

Analysis, by means ot copper, indicates the empirical formula N t O,. The 
v ipour density has not been determined and the molecular weight, and hence 
tin molecular formula are not known 


§ 33 Other Oxides of Nitrogen 

When nitric oxide is passed through liquid air. or liquid oxygen, a green solid 
is formed which has been assumed to bo nitrogen hcxoxidc. NO, or N,0 # . It 
has also been obtained by the action of a silent discharge on a mixture of nitrogen 
peroxide and oxygen. 

More recently (li»2.'ij it lias been suggested that tins green solid is N,0«. out 
the nature of this substance is still uncertain. 

Before dismissing the nitrogen oxides it will be found instructive to 
draw up a table of their comparable properties. 
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Table XXXI.— Properties of the Nitrogen Oxides 



Formula 

Atomic ratio N : O ( 
State ol aggregation 
Colour of gas 

Melting point 
Boiling point 
Vapour density 
(H* = 1) 

Corresponding acid 


Nitnc 

Nitrogen 

Nitrogen 

oxide 

tnoxide 

peroxide 


N,0 

2 : 1 
Gas 

Colourless 

- 102-4° 
- 89-5° 
22 


NO 
2 : 2 
Gas 

Colourless 

-161° 

-151° 

14-94 


H,N,0, None 



Gas 

Reddish- 

brown 

- 102 ° 

Decom¬ 

poses 

HNO, 


2 : 4 

Liquid 
Depends on 
temperature 
- 9 04° 
+ 211 ® 
Varies with 
temperature 
HNO, + 
HNO, 



White 

c. 30* 
c. 47° 


HNO, 


§ 34 Nitrosyl Chloride, N0C1 
oi charcoal 2NO + C1> _ 2NOC1. 

It can also be obtained by the action o! phosphorus pentachlonde on potass.um 
ni * lite: PCI, + KNO, = KC1 + POC1, + NOC1 

It is also lormed Irom aqua regia (page .>06). condenses at -5-5' to an 

Nitrosyl chloride is an orange-yellow g h ch . decomposed 

orange-coloured liquid; it freezes at - bo to lemon cost 
by water into nitrous and hydrochloric acids 

NOC1 + H t O =* HNO, + HC1. 

chlor?de°and'nitric oxWe "'it^'also^orins 0 dou t ble k coropoun^ s, ^^ ,I SnCl*^NOcl! 
FeClg.NOCl. etc. 





CHAPTER 21 


SULPHUR 

§ 1 History and Occurrence 

The element sulphur has been known from the beginning of history. 
It is mentioned in the Bible and in Homer. It was placed among the 
elements by Lavoisier, but for some time previously it was regarded 
as " the principle of fire." The name is derived from the Sanscrit 
sulveri through the Latin sulphurium. 

Among the Greeks and Romans sulphur was used for fumigation, 
and the vapours of burning sulphur were employed for bleaching 
clothes. It was used medicinally in the Middle Ages, and is a consti¬ 
tuent of gunpowder which was introduced into Europe about the 
beginning of the fourteenth century (page 603). 

Occurrence 

Sulphur is widely distributed in nature both as free and as combined 
sulphur. Deposits of free or native sulphur occur in volcanic districts, 
Iceland, Italy (Romagna, Marken, Tuscany, Campania, and Calabria), 
Sicily (chiefly on the southern watershed), Greece (Island of Milo), 
Russia, Austria, Hungary (Radoboj and Swoscowice), South France, 



Fio. 21.1. Imaginary Lines showing Chief Regions of Volcanic Phenomena and 

Occurrence of Sulphur Deposits 

Spain Asia Minor, Persia, India, Palestine, Algeria, Morocco, Japan 
(Sulphur Island), New Zealand (White Island, etc.). United States 
(Louisiana Oregon, Utah, Nevada, Wyoming. Texas), Mexico (Popo- 
catapi tl). ( hue, Peru. etc. I hese districts are on or not far from the 
(lotted lino, big. 21.1, which indicates the distribution of regions of 
volcanic activity. ° 
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There are two main types of native sulphur: (1) Mexico) 

found in lava fissures and in extinct volcanic vents (Japan. 

Deposits of this type are forming at the present day in nta distncts 
from the mutual action of hydrogen sulphide and sulphur dioxide 

a P peare t0 have been Ube f rat 1 

froS ^ by the reducing action of 

associated with the gypsum. Calcium sulp 1 b P \ carbon 
from the sulphate; and this, by the action of »at«^andl carbon 

dioxide, forms sulphur, calcium carbonate ^^XhVdeSs 
The Sicilian deposits and perhaps the more important sulp po 

^ly^portant metallic ores are sulphides, that is. compounds of 

sulphur with one or more metals. Thus, ga l c U inhide HgS)' 
zinc blende (zinc sulphide, ZnS): cmnabar 

stibnite (antimony sulphide S^S,) . c opP^ t>> • ( sulphates also 

"riufKs rr^y 

GSS'St&sstt “* •~ 4 - prad ” a ‘ 

are found in the water of many sulphur springs. 


§ 2 Manufacture of Sulphur 

»» cirilv occurs in lodes mixed with limestone 
pie sulphur earth ^ , in workable ” ore varies from 

ZZS&FvZ i'«*%?»«*** 

of a circular kiln without a permanent roof. 1 he kilns are 

“a£L of the sulphur actsa. tel. ’STS'" 

collects at the lowest point of the inc inc ralcarone system ol 

About one-third of the than 

extraction. » is. h«wev«. to ‘^ then . a „d in 

to import coal. I he loss ' isbeine displaced by more economi- 

consequence the calcaronc method is o g l 

cal kilns—Gill’s kilns—which arc worked in sets 

Fig. 2F2 .ho-* »> <«£% tUS-Kf. «tl«r 

of chambers with domed roo^ the sulphur has melted out. 

23lSrS?d?2 wanned. D then passes to a chamber containing 

jsks? rars ws^-r-KS «= 

activity. 
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hot raw sulphur, some of which bums and so melts out the remaining 
sulphur in the contents of this chamber. The hot gases then pass 

through several other 
kilns charged with raw 
sulphur rock which is 
thus heated up. and so 
loss of heat is reduced 
to a minimum. 

The American sul¬ 
phur deposits, which 
are now the principal 
source of the world's 
sulphur, occur at a 
depth of some 500 feet 
underneath strata of 
clay, limestone, etc. 
Their extraction by 
ordinary mining is 
impossible, both on 
account of the water- 


Air 



Chimney 


Fig. 21.2. —Gill Regenerative Sulphur Furnace 


logged nature of the strata concerned, and of the considerable quan¬ 
tities of hydrogen sulphide and sulphur dioxide which occur and make 
it impossible for men to work in shafts sunk into the sulphur-bearing 
stratum. 

The problem was solved by Frasch who developed the method now 
in use, consisting of forcing _ . 


superheated water into the 
sulphur bed thus melting the 
sulphur, and forcing it through 
a tube to the surface in the 
form of a kind of foam pro¬ 
duced by a stream of air 
bubbles. The method is illus¬ 
trated in Fig. 21.3. 

The crude sulphur from the 
kilns—also called “brimstone” 
—is graded and put on the 
market. It may be afterwards 
purified by distillation from a 
retort which opens into a large 
brickwork chamber. The sul¬ 
phur vapour condenses in the 
chamber. The first lot of 
vapour sublimes as a light- 
powder on the wJills. The 



High Pressure 
Air 


Sulphur Concentric Tubes 
Calcite \ 800m 1 °Wft'LoB 9* 


Molten 

Sulphur 



^z^-^^^^hyjrite^c- 
Fig. 21.3.—Frasch Pump—lower end 

powder is called flowers of sulphur. As the condensing chamber gets 
hot, the condensed sulphur m^Ue-ant! collects*on the floor as a liquid 
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.hie is d,s» on .»«.« moul,is 
—rock sulphur ; or in c V>'^ ,rK h ^ ess is c f a high degree of 
The sulphur produced b V br,ls 0 , J ecd anv further purification. 

rcSbe^i"puSTy distilling it repeatedly in a current of 

“S “.»».* 

£££%&“£%£& is e ““ ; " 1 *» m “' s “ ,h ' 

form of coke, the reaction: 

S0 2 + C = CO, + s 

taking place rapidly at ^!Xdoes”not require any 

the required temperature 

has been reached. ;«rr.'»<;in£?lv important, since the 

This process is likely t0 bec0 ^ xidt . f rom metallurgical operations 
turning to waste of the su p difficulty and greater cost of trans- 

has often been due to tltt P' thc su ij>hur of the waste gases can 

porting sulphuric acid. N , \ , remo ved. This procedure cannot 

be recovered as such, this obstwl ^. fontainjng so sn iall a propor- 
be applied economical y to a gas ™ f snie l t er gas (5 per cent, or 

tion of sulphur dioxide as the averag ^ Js there f or e necessary-, 
less). A preliminary concen • " o( basic aluminium sulphate, 

This is effected by absorption in a^^ ^ hoating thc solution. The 

the sulphur dioxide ! s * b . t so | ut ion can then be used again. 

residual basic aluminium sulphate ^ sulphur d ,oxide can be 

reduced toSpto?^rihout a “o°ver 

'^h»n4r^«Xr»l.h b m ore .1 ,h. «w-l — - 

is passed over a special catalyst. 

§ 3 Allotropy of Sulphur 

Sulphur is known in a {^^“"hem is compl^'and in some cases 
exact relationship existing between them 

uncertain. , _ , » Hictinet solid lornis are known, viz.. 

Several clearly defined and distinct 

B - &r -&vSS£,r«t 

Amorphous sulphur. 

Colloidal, or S-sulphur. 

In addition to these there ^J^i^iquid. or possibly a “ gel ” 
Plastic sulphur, which is P . not a true allotropc; 
and so probably a mixture of forms anil 
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Nacreous sulphur, a crystalline form (see below), the exact nature of 
which seems still doubtful; 

Colloidal sulphur, milk of sulphur, etc., which are composed of 
amorphous sulphur in various states of division. 

Numerous crystalline modifications, e.g., tabular sulphur, Friedel's 
triclinic sulphur, Engel’s rhombohedral sulphur, the precise nature of 
which in relation to the established forms is dubious. 

Liquid sulphur also is now believed to consist of at least two forms 
viz.: 

X-sulphur, predominating at lower temperatures; 

and p-sulphur, predominating at higher temperatures, 
while a third liquid form S- has also been postulated. 

The vapour, too, appears to contain both S 8 and S 2 molecules in 
equilibrium and possibly S 4 also. 

§ 4 Sulphur and the Phase Rule 

The diagram (Fig. 21.4) illustrates the phase rule relationships of the principal 
forms of sulphur. 

By plotting the vapour pressure curve of rhombic sulphur at different tempera¬ 
tures, we get the curve PO x ; similarly, by plot¬ 
ting the vapour pressure curve of monociinic 
sulphur, we get the curve O x O t ; this variety 
of sulphur melts at 119-25°; however, by con¬ 
tinuing the vapour pressure curve of the liquid, 
we get O t Q. By plotting the transition points fo 
rhombic sulphur at different pressures, we get 
the curve 0,0 3 ; and by plotting the melting 
point of monoclinic sulphur at different press¬ 
ures, we get the curve O 8 0 3 ; . Monociinic sulphur 
cannot exist at pressures higher than that repre¬ 
sented by the point 0 3 . The continuation of the 
curve 0 3 .V represents the effect of pressure on 
the melting point of rhombic sulphur. 

The phase rule enables us to form a very clear 
idea of the conditions of equilibrium. When 
the condition of the system is represented by a 
pressure and temperature corresponding with 
one of the three triple points—0,. 0 8 . 0 3 —the 
system is invariant, and any change in temper¬ 
ature or pressure will lead to the suppression of 
one of the three phases; points on one of the curves PO x , O x O t , O t Q. etc..'. re¬ 
present univariant systems; and points in one ol the three regions— PQ, QO t N, 
.VO, P —represent bivariant systems. It will ot course he obvious that we are here 
dealing with the one component sulphur, and four possible phases—sulphur vapour 
and liquid, and rhombic and monociinic sulphur—since an allotropic modification 
of an clement is a true phase. 

The mctastablc states, or states oi false equilibrium, are interesting 1'he 
00 s and the PO x curves meet at a point corresponding with the temperature 
112-8*. This is the melting point of rhombic sulphur If the transformation of 
rhombic to monociinic were very fast, it would be impossible to state the melting 
point ol rhombic sulphur, because it would pass into the monociinic form before 
a determination could be made 

The upward left-to-right slopes ot the curves 0,0 3 and 0 8 0 3 correspond with 
the fact that the melting point of sulphur is raised by increasing pressures 



955 119-25' 
Temperature 

Fig. 21.4.— Phase Rule 
Diagram of Sulphur 
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§5 Rhombic, Octahedral or x-Sulphur 


is the form in which sulphur »s normally _ A 

found. To get well-defined crystals, it i> 
necessary to allow sulphur to crystallize from 
solution in. say. carbon disulphide^ A sample 
of sulphur is ground up and shaken uitn 
carbon disulphfde, filtered and the solution 
allowed to evaporate slowly in a cr > s **'. 

dish Octahedral crystals slowly grow, anu Fio 21.». 

fom; transparent, amber-coloured crystals Khombic Sulphur Crystal, 

similar to those shown in Fig. - . t tbe formation of mono- 

heated to 845' they become opaque lvhl .„ .apidly heated 

SSfrSSS. monocltnic .utphutto 

slow. 




$ 6 Monoclinic, Prismatic or ^-Sulphur 

^ m piif *> 14 . is stable between 

This form oi sulphur as can bt ‘^ n *j° b crystallization within this 
•*4'5° and 119-25°; and '1 ‘ S t ‘n done^ by melting sulphur and 
range of temperature. This is 

allowing it to solidify. , • c t av or porcelain crucible 

If 50 grams of sulphur be isformed. beautiful 

and the mass allowed to stand un x yellow sulphur will be 

long prismatic needle-like crysta oiind to have grown on the 

walls of the crucible, and on 

the underside of the crust when 

the crust is pierced, and the 
.till fluid sulphur is poured 

aV Well - formed crystals of 
monoclinic sulphur can also be 
obtained by making a satur¬ 
ated solution of sulphur in 
boiling toluene (in which it is. 
however, only sparingly solu¬ 
ble) and allowing it to cool 
slowly. The crystalline form 
of monoclinic sulphur is shown 
in Fig. 21.6. Its density is 

Fio. 21 . 6 .— Monoclinic Sulphur i.gf,. 

. . if flowed to stand lor 

Crystals made by either of the a bri ' u ie, and crumble into 

about a day, become light ycllu , P 
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powder at the slightest touch. The grains of powder are small rhombic 
crystals of a-sulphur. If the rhombic crystals be kept a few hours 
between 108° and 112°, they also become opaque and change to a 
friable crumbling mass of monoclinic prisms. The two reactions are 
thus reversible. Experiment shows that the monoclinic prisms are 
unstable below 95*5°, and slowly pass into the rhombic variety. The 
change is accelerated by wetting the monoclinic prisms with carbon 
disulphide, or by bringing the monoclinic sulphur into contact with a 
crystal of the rhombic variety. Conversely, the rhombic sulphur is 
unstable above 95-5°, and slowly passes into the monoclinic variety. 
The change is symbolized: 

95-5° 955° 

^rhombic ^ ^monoclinic • or a “^ ^ 

Hence, 95-5° is a transition temperature. When the range of stability 
of two allotropic forms of an element can be defined, as in the case of 
rhombic and monoclinic sulphur, bv means of a transition point above 
which one form and below which the other is stable the element is said 
to exhibit enantiotropy. Where there is no transition point, so that 
one form is unstable at all temperatures, the phenomenon is described 
as monotropy. (Cf. phosphorus, page 757.) 

§ 7 Plastic or y-Sulphur 

If sulphur, heated to about 350°, be poured into cold water, a tough 
elastic material resembling india-rubber—called plastic sulphur—is 
•obtained. Plastic sulphur is also obtained by distilling ordinary 
sulphur from a glass retort, and allowing the burning liquid sulphur, 
burning from the neck of the retort, to flow into cold water. A long 
continuous thread of plastic sulphur is thus obtained. 

The specific gravity of plastic sulphur 
is about 14)2, nearly the same as mono¬ 
clinic sulphur ; but unlike the crystalline 
varieties, this form of sulphur can be 
moulded between the fingers, and drawn 
into somewhat elastic threads. Plastic 
sulphur is probably a super-cooled liquid 
which has been hurried past its crystal¬ 
lizing temperature and cooled so low 
that it has formed a viscid mass. If 
cooled slowly, virtually the whole of 
the product is crystalline and soluble 
in carbon disulphide. Plastic sulphur 
slowly crystallizes on standing. The 
change is accelerated l>y rubbing the mass, and is fairly rapid if the 
mass be heated to about 100"'. 

Plastic sulphur is now thought by some to be a gel (cf. page 255), in 



Fig. 21.7. 

Preparation of Plastic Sulphur 
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support o. which it « pointed «»•X.TS.y’bKS- 
Tyndall effect (page 253) which suggests that^t may 

solidification might well give a gel ( . P 

§ 8 Amorphous Sulphur. Colloidal or S-Sulphur 
An amorphous form of sulphur known^as^whitesulp ^ similar pro _ 

extracting flowers of sulphur wi sulphur in carbon disulphide 

duct is obtained by exposing a solut on o su phur i ^ These 
to light and also by the action of^ater on p 
varieties are insoluble in carbon 1 P turate( i aqueous solution of 
If hydrogen sulphide be passed into a q( ^ ulphur b e poured 

sulphur dioxide at 0°; or if an a sodium thiosulphate be mixed 

i„.S water: or it a ——»t,S acif and cookd to 
with twice its volume of concentrated n> 

10°, colloidal, soluble, or a-sulphur is • m i n ute particles of 

It is a clear, yellow solution containing very 

sulphur in colloidal solution. endium pentasulphide solution 

On the other hand by disulphide. This is 

sulphur is precipitated m a fo ' t wh j te ; on standing at ordinary 
known as milk of sulphur and > rhom bic sulphur, but some years 
temperatures, it tends to rc\ti 
may be necessary for this to be \ 

§ 9 Liquid Sulphur 

Sulphur is pale yellow ok!um^>' 

less at - 50°, and at 100 .!* }? C a"ed in a test-tube, the sulphur crackles 
rhombic sulphur be gradualls - the temperature rises, the 

and falls to pieces as indicated abov ^ured Uquid between 113 
sulphur melts to a clear, * ,m P l ' , (h | iqu , t \ loses its mobility, until. 

and 115°; the colour darkens, and he ,,qu^ ^ $q viscid that the 

at about 160", the mass is chestnut pouring out the sulphur, 

test-tube can be turned upsid . t is0°. for as the temperature 

The viscosity reaches a maximu u|)td it 1S almost black, but 

rises still higher, the colour bee bj , c untd a t 444 7' the u l ,n ^ 

the mass becomes more and vapour . If the liquid be allowed 

begins to boil, forming a reddish- • 8 changes, but in the reverse 

to cool, the sulphur undergoes be heated to a still higher 

order, and very slowly. If th I r()0 .. nd straw-yellow at about 
temperature, it becomes deep red at ouu , 

650°. , . , a low temperature, and the pale yellow 

If a-sulphur be melted at a lovv tcmp ' ^ almos t completely 

liquid be suddenly chilled, the y as indicated above. § 7, if the 

soluble in carbon disulphide, ' b n sulphur is heated to a higher 

dark brown liquid which is obta , an amorphous mass almost 
temperature be similarly treated, it forms 
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all insoluble in carbon disulphide. It is therefore inferred that molten 
sulphur contains a mixture of two varieties of sulphur—the pale yellow 
mobile fluid, called X-sulphur, and the dark brown viscid fluid called 
p-sulphur. When X-sulphur solidifies it forms crystalline a- or p-sulphur 
soluble in carbon disulphide; and when p-sulphur solidifies it forms an 
amorphous plastic mass insoluble in carbon disulphide. The proportion 
of sulphur soluble and insoluble in carbon disulphide in solidified 
sulphur depends on the relative amounts of SX and Su. present in the 
fluid at the time of solidification. The proportion of the two varieties 
in any sample of sulphur can be determined by extraction with carbon 
disulphide, making a small allowance for the very slight solubility of 
the so-called “ insoluble " variety. Experiment shows that there is a 
definite relation between the relative amounts of the two varieties 
present in a system in equilibrium at a definite temperature. The 
proportion of u-sulphur appears to increase with rising temperatures, 
and for each temperature there appears to be a definite equilibrium 
constant corresponding with the reversible reaction: SX ^ Spt. The 
system takes some time to attain equilibrium under any given condi¬ 
tions. The presence of air, sulphur dioxide, or hydrogen chloride 
retards, while ammonia, nitrogen, carbon dioxide, iodine, or hydrogen 
sulphide accelerates the speed of the change. An element exhibiting 
this type of behaviour is said to show dynamic allotropy. 

§ 10 Properties of Sulphur 

Sulphur is a yellow solid (sometimes appearing white if in a fine 
state of subdivision). It is tasteless and odourless, and is without 
physiological action on human beings, though its vapour is poisonous 
to lowly organized forms of life such as fungi, etc. It is a poor conductor 
of heat, and a non-conductor of electricity. 

It is insoluble in water, sparingly soluble in alcohol and ether, and 
readily soluble in carbon disulphide. 

Sulphur burns in air with a blue flame, and sulphui dioxide mixed 
with small quantities of sulphur trioxide is formed (see pages 455, 461). 
It bums very brilliantly in oxygen. When mixed intimately with 
substances rich in oxygen, an explosive mixture mav be formed (e.g.., 
gunpowder, page (»03). 

Sulphur combines directly with carbon, phosphorus, arsenic and 
with most metals, when the elements are heated together, the corre¬ 
sponding sulphides being formed. The halogens also react with sulphur, 
forming a variety of sulphur halides (sec page 484). 

Sulphur does not react with water, in the cold, but when steam is 
passed through boiling sulphur, a little hydrogen sulphide and sulphur 
dioxide are formed: 

3S + 2H a O = 2H 2 S + S0 2 . 

Nor does it react with acids which arc not able to oxidize it. It is 
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iciq or nitric acid, the 
acid respectively (pages 


SULPHUR 

readily oxidized by concentrated sulphuric acid 
products being sulphur dioxide and sulphuric acid . 

47 I,^ t. dissolv. in c.us.ic >lk>» »lu.i=«, sine. U r.»«. v-i.h 
them forming sulphides and thiosulphates, e.g.. 

4 S + (iKOH = K s S.A + 2K ; S + 3H s O 
K 2 S -MS = K 2 S s . 

Similar derivative of calcium are .1*, readily obiamvd (pa 6 . HO). 

§ 11 Uses of Sulphur 

Sulphur i, used in JK “d 

wool; for the manufacture o P od pu jp for paper-making, 

removing lignin in the manufact^ { \ used in making 

and for the manufactureoi~ * s usc( j i n making gunpowder, 

carbon disulphide. Purified P ; nsa | a tor for vulcanizing rubber. 

ssyms - •" o,8anit 

chemistry (e.g.. for the product.on of dxes). 

112 Atomic Weight and Molecular Weight of Sulphur 

® . __ n \. volatile compounds of sulphur 

The vapour density of ^ lately, at least 32 grams of 

show that these always con , PP that'the atomic weight of 
sulphur per gram-molecule, and hence me 

sulphur is round about 32. . , hv seve ral methods, e.g.. bv 

Exact values have ^en determined by^ever. f wm passcd 

heating silver in a tube t ro g su lnhide in a current of hydrogen; 
(Dumas. Stas); by reducing siWer wljfod chloride; by converting 

by converting silver sulphide fRichards); and by converting 

sodium carbonate into sodium s P . hydrogen chloride over it 
silver sulphate into the chloride by passing htu „ 

in a hot tube (Richards). „ . those 0 f Richards and his 

The most accurate values , are . 32 054. The accepted 

collaborators, who obtained in 1915 the value 

value at present (19. r )0) is 3-U > • , u have a i S o been obtained 

Jm*S i!£.WSSA* hyavegen ..IpH.U., 

v.pcm rl .y.. 

This corresponds with the molec , • jt y „ ra d U ally diminishes until, 
SfgStf? -th the molecule S, The 
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vapour density then remains constant up to about 1700°; at about 
2000° it corresponds to a partial dissociation of 50 per cent, of the S 2 
molecules into S atoms. 
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Fig. 21.8. 

Vapour Density of Sulphur 


It may be that at temperatures 
intermediate between 1000° and 500°, 
some or all of the molecules S 8 , S 6 , S4, 
and S 2 are present, but the curve is 
steadily depressed with rising temper¬ 
atures, and it shows no signs of flatten¬ 
ing such as might be expected if any 
particular type of molecule predomin¬ 
ated throughout any particular range 
of temperature. The freezing and boil¬ 
ing-point methods for the determin¬ 
ation of molecular weights show that 
the molecule of sulphur in solution in 
carbon disulphide or bromoform exists 


as S 8 . 


§ 13 Hydrogen Sulphide or Sulphuretted Hydrogen, H*S 
History and Occurrence 

Historical 

Several references to hydrogen sulphide appear in the writings of 
the alchemists of the Middle Ages, where it is described under the 
general term “ sulphurous vapour,” and their directions for the pre¬ 
paration of this product show that they referred to some fetid solutions 
of the polysulphidcs which probably contained this gas. This liquid 
excited the attention of the alchemists, for it gave all kinds of colora¬ 
tions with solutions of the different metals; with vinegar, it gave a 
precipitate of sulphur and at the same time gave off a gas which 
blackened silver and some other metals. K. W. Scheele (1777) was 
the first to investigate the compound systematically. 

Occurrence 

Hydrogen sulphide occurs in several mineral waters, in the exhala¬ 
tions from volcanic vents, etc. It is also formed during the putrefac¬ 
tion of animal and vegetable matters containing sulphur, and by the 
action of an aqueous solution of carbonic acid on sulphides which in 
turn are often formed by the reduction of sulphates by organic matter. 
Several bacteria during the putrefaction of organic matter produce 
hydrogen sulphide—the sulphur being derived from protein matters 
and from the reduction of sulphates—stimulated possibly by sunlight. 
This is said to occur at the mouths of rivers on the West Coast of 
Africa—e.g., the Congo river, which brings organic matter into intimate 
contact with sulphides. Hence, the atmosphere may be contaminated 
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in the atmosphere. 

§ 14 Preparation of Hydrogen Sulphide 

Hydrogen sulph.de is termed1 in small quanUt.es when a stream of 
hydrogen is passed through boiling sulphur. 

b,. .be method U no. ot p,*.*•> 

hydrogen is passed over certain heated sulphides, e.g.. 

Sb.S. + 3Hj = 2Sb + 3H 2 S. 

and by the action of sulphur ^hT*^'tior"'of' dilute°'llvdrochloric or 

The gas .s best PJ^ “^"which. ... turn, is made by 

»r.u5“ tosotto W *1 

symbolized: , Fed, + H ,5 t 

FeS + H.S0 4 = FeSO, 4- H.b T . t es -t- - * 

., • 11. r nrpferred to sulphuric acid because the 

Hydrochloric acid isFeC, -is not so hable to crystallize as 
resulting ferrous /quantities, a similar apparatus to 

ferrous sulphate 1 i r » n dioxide (l : ig. 19.In) may 

that employed for the P rc P ar * '? je “ f K| y s apparatus may be used 
be used; and for larger q ' t ities of the gas are required 

(Fig. 17.2). Comparatively I ^ scorcS o{ different forms of 

intermittently in a testing 1* 1 * . • jhe gas is generally 

apparatus have been invented for .the *, tcr 8 

washed by passing it throng as in dicated above, generally 

Artificial ferrous sulphid . j I * hydrogen will be mixed with 

contains a little free iron, and hence somch;>d.«i gen^ Tht . gas may 

the gas. For ordmary purpos s t dcrived from the action of the 

also contain traces of hyc roc arbon . ^ ^ madc by heating 

mtoy “»cc".,...d bydzochlmk: .cid, »d 

the gas in water: 

Sb 2 S 3 4- fiHCl = 2SbCl a 4- 3H. 2 S t 

Aluminium sulphide with. water also by Solidifying the 

Very pure hydrogen suiphide is u is hy <irogen, which is 

crude gas with l "P'' cl conditions and so can be pumped off. The 
not condensed u.id. r these c s)owl and after the first port.ons 

residual solid is allowed to\ • {J drog ' n sulphide is obtained, 
have been allowed to • I , uble j,i co [d water and so cannot be 

coSavert S “ can be collected over warm water. It can be 
Q 
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dried by means of dehydrated alumina or phosphorus pentoxide, but 
sulphuric acid must not be used because it is reduced: 

H t S -f- H 2 S0 4 = S0 2 4 S 4 2H a O. 

Calcium chloride is often used for drying the gas in spite of the fact 
that slight decomposition occurs: 

CaCl 2 4 H 2 S = CaS 4 2HC1 
CaCl 2 4 2H 2 S = Ca(HS) 2 4 2HC1 


§ 15 Properties of Hydrogen Sulphide 

Hydrogen sulphide is a colourless gas with an unpleasant smell like 
rotten eggs. It has a sickly taste resembling its smell. It is very 
poisonous, a proportion of 1 part in 1000 in air proving fatal, if breathed 
for any length of time. Very dilute chlorine is recommended as an 
antidote. 

Hydrogen sulphide was liquefied by Faraday in 1823. It condenses 
to a colourless liquid at 10° under a pressure of 15 atmospheres. At 
ordinary pressures the liquid boils at - 59-6° and freezes at - 82-9°. 

Hydrogen sulphide is slightly denser than air and is fairly soluble 
in cold water, which dissolves 4*68 times its volume at 0° and 2-7 
volumes at 20°. The solution is called “ hydrogen sulphide water ” 
and has a slightly acid reaction. The solution decomposes slowly, 
depositing sulphur—particularly if exposed to light: 

2H 2 S 4 0 2 = 2H 2 0 4 2S. 

Hydrogen sulphide burns in air with a bluish flame forming sulphur 
dioxide and water if excess of air be present; or sulphur and water 
when there is insufficient air for complete combustion. Sulphur is 
thus deposited on a cold object placed in the flame: 

2H„S 4 30* = 2H 2 0 4 2SO a 
2H 2 S 4 O; = 2H 2 0 4 2S. 

A mixture of two volumes of hydrogen sulphide with three volumes 
of oxygen explodes violently when ignited. A lighted taper dipped 
into a jar of the gas is extinguished showing that it is a non-supporter 
of combustion. 

Hydrogen sulphide is easily dissociated by passing it through a hot 
porcelain tube. 

H 2 S H 2 4S . 

The dissociation begins at about 400°, and it is complete at about 
1700°. It will be remembered that hydrogen sulphide may be formed 
by passing hydrogen through boiling sulphur. This means that the 
reaction belongs to the type of opposing reactions—discussed on 
page 217. Hydrogen sulphide is also decomposed by passing electric 
sparks through the gas confined in a tube over mercury. 
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Hydrogen sulphide behaves as a reducing agent. Thus it reduces 
the halogens to halogen acid, e.g.. 

H 2 S + Br 2 - 2HBr 4- S 

* ““..s' 5 '“ 

hydriodic acids, pages o-5, o34), ter * , su i D huric acid to 

ii,h .»W ■»■>»* »*y |» ^ 

SSTpS readily »!.« jars of tho .« gare* are mured. 

SOj + 2HjS = 2H.0 + 3S. 

Sn + Hj>S = SnS + H 2 . 

or with alkalis, when hydrosulphides and sulphides are formed: 

KOH + H 2 S = KHS + H,0 
2K0H + H 2 S = K 2 S + 2H,0. 

§16 The Action of Hydrogen Sulphide on Metallic Salt Solutions 

Hydrogen sulphide is an salts'enable'the metals 

tcTbe t0 — detai,Cd eXam,n ‘ V 

tion. Thus: 

'• an,i "' ony ' 

dilute^rraneraf SSJ ““ 

“nd sodium d.*- and aluminium are 

form soluble and those whi f h properties of the sulphides. 

acids-frcquontlyconvepwrwg.^ofthc pr ^t ^ 

The solubility of the sulph des depends upon inc - c c of a 

acid For instance .f antimonyl tartrate- 

^ *■ H7R1 anrl 85 cc - of water 
• Stannous uu.ph.de .s so.u.,.e ,n yellow ammonium un.ph.de. 
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antimony sulphide will be precipitated, but not if 15 c.c. of hydrochloric 
acid had been employed without the water. 

Under ordinary conditions, the solubilities of the sulphides in hydro¬ 
chloric acid, starting with the least soluble, are approximately in the 
order: 

As, Hg, Cu, Sb, Bi, Sn(ic), Cd, Pb, Sn(ous), Zn. Fe, Ni, Co, Mn. 

Elements wide apart in the list can be easily separated by hydrogen 
sulphide in acid solutions, but elements close together in the list 
require a very careful adjustment of the amount of acid in solution 
before satisfactory separations can be made. For instance, the separa¬ 
tion of cadmium or lead from zinc by means of hydrogen sulphide 
is only satisfactory when the concentration of the acid is very carefully 
adjusted. If too "much acid be present, cadmium or lead will be im¬ 
perfectly precipitated; while if too little acid be present, zinc will 
be precipitated with the cadmium or lead. Hence there is no sharp 
line of demarcation between metals precipitated and metals not 
precipitated by hydrogen sulphide from acid solutions. All depends 
upon the concentration of the acid. This is arbitrarily adjusted (e.g., 
by making the solution just acid to a suitable indicator such as methyl 
violet) so that antimony, arsenic, lead, bismuth, cadmium, copper, 
mercury, and tin are precipitated while the aluminium, iron, zinc, 
nickel, cobalt, and manganese salts will be found in the filtrate. 
Barium, strontium, calcium, and magnesium salts will also be found 
in the filtrate along with the alkalis, because the sulphides of these 
elements are attacked and decomposed by water and by acids. E.g.: 

2CaS -f 2H 2 0 ^ Ca(OH) 2 -f Ca(SH) 2 . 

These facts may be explained by the application of the electrolytic 
dissociation theory. (Cf. pages 238-41.) 

No substance is absolutely nsoluble, although it may be very sparingly soluble 
indeed. So with the “ insoluble " sulphides with which this section is concerned. 
The very small quantity actually dissolved will onize, and so there will be the 
equilibrium : 

MS ^ MS ^ A/’ + S* 

solid solution 

The presence oi solid will keep the solution saturated, which means that the 
concentration of dissolved sulphide is kept constant By the Law of Mass Action : 

. . . . . 

= cons,ant = ,sayl 

(AfS"], as above, is also constant, so that 

I A/'*] fSn = f A/5) k = constant 
= P (say). 

where P is the solubility product (page 238) ol the sulphide in question. 

In order that the sulphide shall be precipitated, the product of the concentra¬ 
tions oi the metallic ion and of the sulphide ion must exceed the solubility 
product Now suppose that a series of solutions containing 1 grara-mol. per 
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litre ol Af" ion (or any similar predetermined value) are saturated with hydrogen 
sulphide^ Then precipitation will take place when 

In solution in water, hydrogen suljjide 

and, since it rs a very weaU acid we may apply the U- o« Mass Action 

to its ionization, whence 

ii 1 * = C 

When the solutron is saturated w.thydrogen sulphide ,H.S, ,s hept constant. 
Hence: tH = C[H,S] = k- (say) 


[sn - 


(HI* 


That IS to say. the concentration o, sulphide ion vanes inversely as the square 

* T 

reduce the concentration ol sulphide ion | ery^ than ,, thl . solubility product 
manv sulphides the product ■ I ( I w j ucl so low that it is exceeded ecen in 
But some sulphides have a solut i _) P™ h ve , alr i v high solubility products 
this case Some sulphides. °, n r ‘unhide ion is necessary (or their precipita- 

so that a considerable concentra mus , consequently be low lor this 

OKur. "and ^tT Vs^o palpitate these sulphides the solution must be 
made alkaline. 

| 17 Formula of Hydrogen Sulphide 

I« a known volume ^ 

tin in a tube over mercii >; sulphide are formed; similarly, 

the original volume of hydrogel 1 c]ec{ric spar ks. suffers no 

hydrogen sulphide, when eco | sulphide contains its own 

SVoi^nl:^ 

-SfifuiSnnula of hydrogen sulph.de 

is HjS„, where n has also to f c det “ e ,t u i ar weight is 34 and mole- 
Its vapour density is w. nence 

cular formula H 2 S. 

§18 Detection and Determination of Hydrogen Sulphide 

S ,«;i»- rlotccted bv it* action on solutions 

Hydrogen sulphide is very ^ a > ctate solution turn first 

of soluble lead salts. 1 apers .oak the formation 

brown and then black on exposure to the gas. o g 

of lead sulphide. . rxcess of a standard solution of 

It is determined by treatment with ^ccssoi reaction: 

iodine in potassium iodide (page 532), n akmg use 

H,S + I, - 2H1 + S 
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and then, after a short period, determining the excess iodine by 
titration with sodium thiosulphate solution. 


§ 19 Hydrogen Persulphide or Hydrogen Disulphide 

If dilute hydrochloric acid be poured into a solution of sodium polysulphide, 
e.g., Na t S 4 . milk of sulphur is precipitated (page 445): 

Na,S s + 2HCI = 2NaO + H,S + 4S; 

but if the polysulphide be poured into the acid, little or no hydrogen sulphide is 
evolved, and a yellow oily liquid is obtained 

This was once considered to be a mixture ol hydrogen pentasulphide. H,S 5 . 
with other hydrogen polvsulphides When the oil is distilled under reduced 
pressure, the fraction which is obtained at 69 e under a pressure ol 2 mm. of 
mercury is a pale yellow oil with a moleculai weight, by the treezing-point 
method, corresponding with H*S 3 —hydrogen trisulphide The traction which 
distils at 74 c - 75° under atmospheric pressure, has the composition H,S, This 
is hydrogen disulphide or hydrogen persulphide The persulphide dissolves in 
benzene, forming a clear solution Hydrogen persulphide is a colourless oily 
liquid with a specific gravity I-370. It has a pungent irritating smell, and 
decomposes gradually into hydrogen sulphide and sulphur. The decomposition 
is faster in presence of water, and particularly alkalis Mere contact with glass, 
paper, dust etc., induces rapid decomposition. Hydrogen persulphide burns 
with a blue flame. Like its analogue, hydrogen peroxide •» has oxidizing and 
reducing qualities. 

Hydrogen trisulphide. H,S 3 . prepared as just described resembles the per¬ 
sulphide m many ol its properties but its specific gravity is 1-49G. and it solidities 
between -52° and -54 v The three hydrogen sulphides—H t S H,S s . and 
H,Sj—are all the hydrogen polysulphides whose individuality has been clearly 
demonstrated, although a whole series ranging from H,S 5 to H t S, has been 
reported 


§ 20 Sulphur Dioxide, Sulphurous Anhydride, S0 2 
History and Occurrence 

The use ol sulphur foi disinfecting purposes has been known from 
very early times. It is referred to in Homer where Odysseus, after 
the slaugiuet ol the suitors, and probably recognizing the need for a 
general cleansing, calls: 

Quickly. O Nurse, bring fire that I may bum 
Sulphur the cure of ills 

| PiicMley (1770) prepared the gas by the action of hot concentrated 
Milplumo acid on mercury. Priestley called it sulphurous acid. 

Sulphur dioxide is iound among the fumes from volcanic vents; in 
flu- •'pimgs o! volcanic districts, and m the air of towns where it is 
derived from the sulpluu compounds in coal. 

It is also iound in the effluent gases from many industrial operations, 
e.g.. the roasting of zinc blende in the smelting ol zinc (page 670). The 
sulphur dioxide contained in such gases is being increasingly used for 
the manufacture ol sulphuric acid, etc. (page 465). 
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Preparation 

Sulphur dioxide is formed when sulphur is burned m air. 

s + 0., - so,. 

Between cent. o. the 

in the air seems to favour the-production, o[sulphur tnox^^^ ^ 

moisture and carbon dioxide do not a cc ‘ w j t ^ the pressure. 

proportion of sulphur tnoxide forme _ ‘ mant , anese dioxide— 

Wen sulphur is oxidized by a higher oxide-e*. manganese ai 

sulphur dioxide is formed: 

MnO, + 2S = MnS + SO,. 

Sulphur dioxide is also formed when the sulphides of *>me nuta 
roasted in air—e.g., iron or copper p\rites. 

4FeS. + HO, = 2Fe,0, + 8S0,. 

This reaction is very commonly used for making the sulphur u m< 

employed in the manufacture of sulphuric acic. f requen tlv contains 
Prepared in this way from iron pyrites, the gas «^quen} injlirio us, 
arsenic, the presence of which, for many purposes, is highl> 1 

and so it has to be removed. b\ the action of 

In the laboratory, the gas is (genera edejJ" ^> 4U , hite or bi- 
moderately concentrated sulphuric acid o 
sulphite, e.g., 

NaHSOj + H,S0 4 = NaHSO. + H,0 + SO,. 

or by heating concentrated 
sulphuric acid with a suitable 
reducing agent such as copper, 
mercury, sulphur, etc. Copper i* fl 
frequently used for this purpose. 

The process is illustrated in 
Fig. 21.9. The flask is about one- 
third filled with copper turnings 
and sufficient concentrated sul¬ 
phuric acid is added not quite to 
cover the copper. On heating, 
sulphur dioxide is evolved, and 
may be passed through wash- 
bottles containing concentrated _ llU .., r( i delivery as shown 

sulphuric acid to dry it. It is collected by downward*.. > 

since it is soluble in water. 

• The presence o! sulphur tnoxide in the "X" w,n be 

bums in air accounts lor the foggy app> •» • ^ t . n studied, 
understood when the properties of the trioxidi 



Mg. -M U 

Preparation ol Sulphur Dioxide 
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The reaction is commonly represented by the equation: 

Cu + 2H 2 S0 4 = CuS0 4 + 2H 2 0 + SO,, 

but it is certainly more complex than this. It is probable that the 
first action is the oxidation of the copper, with consequent reduction 
of the sulphuric acid to sulphur dioxide. The copper oxide then 
reacts with more sulphuric acid, forming the salt—copper sulphate— 
in the usual way. 

Cu + HoS 0 4 = CuO 4- HX> 4- S0 2 
CuO + H 2 S0 4 = CuS0 4 4- H z O. 

In addition to this degree ol complexity, some side reaction occurs 
which results in the formation ol cuprous sulphide, which causes the 
residue in the flask after the experiment to appear black. This may 
be formed by some such series of reactions as: 

5Cu 4- H 2 S0 4 = H >0 4- Cu 2 S 4- 3CuO 
3CuO 4- 3H 2 S0 4 = 3H 2 0 4- 3CuS0 4 

which, summarized, leads to the equation : 

5Cu 4- 4H 2 S0 4 = 4H 2 0 4- Cu 2 S 4- 3CuS0 4 . 

Industrially, sulphur dioxide is prepared by roasting iron pyrites, 
from waste gases of metallurgical operations and by burning sulphur 
in air. 


§ 21 Properties of Sulphur Dioxide 

Sulphur dioxide is a colourless gas with a smell characteristic of 
burning sulphur. Sulphur dioxide is an acute blood poison. Sulphur 
dioxide is also injurious to vegetation, and it is one of the “ noxious 
vapours " complained about in manufacturing districts. 

The gas is more than twice as dense as air, and in consequence it 
can be collected by downward delivery. It cannot be collected satis¬ 
factorily over water because it is easily soluble. One volume of water 
at () ; dissolves 79-8 volumes of sulphur dioxide; and at 20', 39*4 
volumes. The aqueous solution is strongly acid, and it has the general 
properties characteristic of acids. 

I he gas is easily liquefied. A pressure ol 1-5 atmospheres suffices 
for the condensation of the gas at 0 ; and at - 10° the gas liquefies 
under ordinary pressures. In order to liquefy it. it is therefore sufficient 
to dry thoroughly the gas obtained by the action of copper on sulphuric 
acid, and then lead the gas through a condensing tube immersed in a 
freezing mixture. The gas condenses to a clear, colourless, transparent, 
limpid liquid which boils at - 10 and solidifies at -72-7° to a white 
snow-like mass Liquid sulphur dioxide is sold commercially in thick 
glass " syphons," and where available, the “ syphons " are used as a 
source of sulphur dioxide for laboratory work. By the evaporation of 
liquid sulphur dioxide a temperature approaching -50' can be ob- 
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tained. Hence like ammonia and 

used as a refrigerating agent Liqui 1 The conductivity of these 

for phosphorus, iodine. ^ P 

solutions is sometimes greater that teI j,ncratures; for example, 

Sulphur dioxide is decom^sed at Associated at 1200 . 

ssrStadd it ns* ->p hiric -*» and suiphur be,ng 

fonned: 3SO,^S + 2SO,. 

I. is also dccompoccd by light foe if. bo» 

a long cylinder of the gas, at firs * appears to decompose, fur 
transparent, but in a few minu is 11 tube appears 

SSAS2 S5.-JSA .a .0 —-. 

p°o..o J .PP0» 10 convert sulpho, 

*S£'£: r S» reversibly with ovygen when heated. 

sulphur trioxide being formed (P a g^ 

2S0* 4- 0 2 ^ 250 s . 

The reaction is only slow in the absence of a catalyst I the nt«. efheten, 

^S^edrris.^:cC,i«..b— 

atsw £%£%&<»« ***** 

presence of camphor, which acts as a ca a > - rter Q f ordinary 

Sulphur dioxide is incombustible .and a ,rm “^b^rncting 
combustion. Some substances ar ‘ instance, continues to burn 

its oxygen. Ignited ^ad. iron, arsenic, 

in the sulphur dioxide. 1 otas^ , < divided e | cme nt is heated in 
and antimony also burn «*<■"**! T J pro ducts of the reaction are 
an atmosphere of sulphur dioxi . i„i D hur Sulphur dioxide is 

oxides, sulphides, and occasionally free sulphur, buipn 

decomposed by carbon at 1100 . 

so, + c = CO, + s. 

Sulphur is deposited when hydrin, s.dphide, 

are brought into contact, say. b ^ th The gaseous exhalations from 
of hydrogen sulphide moutl to • ‘ whj § li on mingling together. 

451) - 

r *&ilphwdioxide < ^*thc^prw«S^»* — , a well-known reducing 
agent. (See under sulphurous acid below.) 

Q* 
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§ 22 Uses of Sulphur Dioxide 


Sulphur dioxide is used in the manufacture of sulphuric acid, as a 
refrigerating agent, as a solvent for extracting glue, gelatine, etc., for 
preserving meats, wines, etc. It prevents the growth of certain moulds, 
kills certain disease germs, etc. It is used in sugar manufacture, as a 
bleaching agent for straw, silk, wool, and goods too delicate for treat¬ 
ment with chlorine. 

On account of its poisonous nature, it was formerly extensively used 
for fumigation purposes (sulphur candle, etc.), but its use for this 
purpose has of late years been discontinued in favour of formaldehyde. 

Very large quantities are used in the preparation of calcium hydrogen 
sulphite for the manufacture of paper from wood pulp. 


§ 23 Formula of Sulphur Dioxide 


When sulphur burns in oxygen no change in volume occurs. The 
apparatus shown in Fig. 19.17 (page 362) can be used to show this. 

A small piece of sulphur in a metal spoon is ignited in dry oxygen 
over dry mercury by means of a platinum wire which can be heated 
electrically. The result shows that sulphur dioxide contains its own 
volume of oxygen, and hence that the formula is S„0 2 , where n is 
still to be determined. The vapour density is found to be close to 
32(H 2 = 1) and hence n = 1 and the molecular formula is S0 2 . 

The constitution of sulphur dioxide is now thought to be a resonance 
hvbrid between the forms 



It cannot be 


O = S = O 


as the molecule is not linear. 


§ 24 Sulphurous Acid, H 2 S0 3 


As mentioned above, the aqueous solution of sulphur dioxide is 
markedly acidic and is believed to contain sulphurous acid, H 2 S0 3 . 
This acid cannot be isolated, but its presence is inferred from the 
following facts: 

(i) the solution of sulphur dioxide does not obey Henry's Law 
(page 163), even approximately; 

(ii) the solution behaves in many ways like an acid; witness its 
effect on indicators, and formation of salts (sulphites) with metals and 
basic oxides. It is also an electrolyte, that is. it conducts electricity. 

The solution smells strongly of sulphur dioxide, and the gas is 
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H 2 SO, ^ so, + H,0 

(cf. carbonic acid page 364). f the „ as are powerful reducing 

- <■ »““ d “ 

sulphuric acid: 2H . S0 , + 0. . 2H.S0.. 

I. reduces permanganates 

Sr^ilcSCr^^ir,, rro. previous , » date 

properties. Moistened red - | oSC t | ie j r co lour. The sulphur 

‘■ magenta ” dye, when placed *"J l ^ 0 ^ >ur ? ng mat ter. forming sulphuric 

SdlndMr'ogcn^and the lilacftha^'the colour 

ftSSMS*? KSS.-*— by “ po - 

ing the article to ^v^clikwine. does not bleach. 

dioxide reduce, chionne. ionurng 

hydrochloric and eulphun. ac.d.^ ^ + ^ 

Hence sulphurous “ i { I i^ f “ h a ^nrlrom^t£ t bleadt^S 
to remove the last trace. 

"■SIS., dioxide reduce, rodine ,o hydrogen ,od,d. in the presence of 

“S-the other hand. 

oxidized by sulphuric add With hberauo 

in fact, a reversible one: T M cq _l 2H1 

u % + 4. 2 S’8+!:5K;lS;tlSi. 

or H,SO, + 2 am0 unt of sulphurous acid 

This reaction is impertantbwa Jj inw , by adding a solution 
or of its salts in a given solution can unti | t |,e iodine- solution is 

of iodine of known strength ro * cninhur dioxide must not exceed 
no longer decolorized. The amount ° appreciabIy affect the 
005 per cent, or the back rta 

"Todates are reduced to iodine by ff h = acid, a reaction which 

““ ^ “t^O+SsO^ % + 2KHSO, + 3H,S0 4 + Hfi. 

The constitution o, sulphurous ac.U ,s a matter about wh.ch there has been 
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much controversy. X-ray analysis and electron diffraction experiments have 
shown that the sulphite ion is probably in the form ol a pyramid with the sulphur 
atom at one apex and the oxygen atoms at the others. The ion may then be 



or written electronically 



(Cf. Chapter IX.) 


The most recent work has, however, suggested that the ion exhibits a consider¬ 
able amount of double-bond character; if so this would probably imply resonance 
between the forms: 



The structure to be assigned to tne non-ionized acid is still in considerable 
doubt Many possibilities have been suggested, the most widely used being: 

H 


OH 

o«-s</ or 
OH 


O 


X • 



S 


X 

X 


X • 

o 


H 


But recent work on the bond lengths suggests a considerable amount ol double 
bond character corresponding to the older formulae 

H 

• o 

:0: 

O—H 

0=S<( o, 0 *:S 

O— H :0: 

• © 

H 

the actual state of the acid being that of a resonance hybrid (page 150). 


§ 25 Sulphites 

The salts of sulphurous acid are known as sulphites, and two series 
cl these are known, viz., normal sulphites, and acid sulphites or 
bisulphites, thus indicating that the acid is a dibasic acid. The sulphites 
ol the alkali metals and of the alkaline earths are described later under 
th* 1 heading of the metal concerned. 

The normal sulphites are stable, and their solutions do not smell of 
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&° a " "ESKsHB 

SSff ^^”£taw?li 'p,«™co of sulphur *j*fc. 

sss. arsssursiff s?.sa 

S a CSSte SOS, ««"•»■ «& “'p""™ 1 *■“• bri " s 

readily convertible into sulphates. , tP he saturated also 

If a hot saturated mdaHsulfikitc 

with sulphur dioxide and then all ' hyros l lhl,iu ) crystallizes out. 

ffir,„ k =K“s^* - -I- 

tion of acid fixing baths. 

§ 26 Sulphur Trioxide, Sulphuric Anhydride, SO, 

Sulphur trioxide seems to have been made by g^ole 

”~d h o e TMo,”» !“S«ii!"» -i** *'" ph “ rit 

acid. 

Preparation 

Sulphur trioxidc can be obtained 

(i) by the dry distillation of ferric sulphate. 

Fe t (S0 4 ), = Fe,0, + 3S0„ 

“S S h S.“S3 

sulphuric acid, when the acid is dehydrated 

2H,S0 4 + F 4 O 10 = -’SO, + 4HP0,; 

(iii) by the direct union of sulphur dioxide and oxygen: 

2S0, + 0 2 = 2S0,. 

This is now the only important i}' l eth.»il of m.xkmK 

This last reaction is discussed " ^ ^ acid bv the contact process 
lion with the manufacture '»[ «• I hc nl0h \ efficient catalyst is 

(page 409). A catalyst!is- »0 • proceeds quickly and 

platinum in presence of whun 
almost to completion at 400 . 
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Sulphur trioxide may be prepared in this way in the laboratory 
using the apparatus sketched in Fig. 21.10. 



Fig. 21.10.—Preparation of Sulphur Trioxide. 

Sulphur dioxide (prepared as in § 20, or if available a syphon may be 
used) and oxygen are dried by passing through wash-bottles containing 
concentrated sulphuric acid and then mixed at the entrance to a hard 
glass tube containing platinized asbestos (page 882) which is heated to 
a temperature of about 400°. Sulphur trioxide is formed in white 
clouds which condense, in a freezing mixture, if the apparatus is abso¬ 
lutely dry, in the form of silky needles. 

§ 27 Properties of Sulphur Trioxide 

Sulphur trioxide exists in more than one form. The relationships 
between them are not clearly settled, and there seems to be some 
doubt as to whether two or three distinct forms exist. The following 
have been described: 

•✓.-Sulphur Trioxide 

This is a colourless liquid, boiling at about 44-88°, obtained by 
repeated distillation of the product of the reactions just mentioned. 
Ihe liquid fumes strongly in air. It crystallizes in long prismatic 
needles between 16 and 17 , and melts at 16-8 ] the specific gravity 
at 2U C is 1-9229. The vapour density (H 2 = 1) varies from 40-28 to 
40*50. The lowering of the freezing point of phosphorus oxychloride 
also corresponds with a molecular weight of 80 approximately. 

(i-Sulphur Trioxide 

If a-sulphur trioxide be maintained at 16° for some time, it gradually 
passes into solid crystals which look like asbestos. The mass fumes in 
air, and gradually passes into the x-form if kept at a temperature 
between 50 and 100 . The molecular weight by the depression of the 
freezing point of phosphorus oxychloride is close to 160, the theoretical 
value for S 2 O c . It melts at 32-5°. 

The existence of these two forms has been recognized for a long time, 
but more recently a third form has been reported and called y-sulphur 
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trioxide. This is said to be obtained by very complete dmngrf the 
p.form. and melts at 62-2* under 174-3 mm. pressure. At ordinary 

nressures it sublimes without melting. 

The forms are not very different chemically 
trioxide reacts somewhat less vigorously than the «-\ anetV Both 
dissolve in water with a hissing sound as if a piece “ 'j; ' " ' 1 

plunged into the water; much heat is evolved, and sulphuric acid is 

produced. a . SOj + H,0 = H 4 S0 4 + 40 cals. 

Hence sulphur trioxide is also called sulphuric anhydride. The anhy¬ 
dride does not redden blue litmus if extreme precautions be taken to 
exclude moisture. Sulphur trioxide reacts direct^’ with man> metri 
oxides, forming the corresponding sulphates, e.g.. ruth banum oxide 

BaO + S0 3 = BaSOj. 

So much heat is evolv d that the mass becomes incandescent. Sulphur 
triox.de also forms curious addition products with some elements 

"'Whin heit Jt ( o S ?000\ sulphur triox.de decomposes completely into 
sulphur dioxide and oxygen: 

2S0 3 = 2S0 2 + 0 2 - 

Two volumes of sulphur trioxide the fum’uii 

dioxide and one volume of oxygen. his co P , above shows 

(S0,)„. The molecular weight of the .-form. m*«ted above. Shows 

that its formula must be S0 3 ; and the orm. - 6- 

wJch rigk'Sdt 

thus resonating between the structures 


o=s<^ 


o< 


o*- s < 


The molecule is planar. 


§ 28 Sulphuric Acid, H 2 S0 4 


History and Occurrence 


aaioivi y emu — • 

Sulphuric acid does not seem to have b «n knovvm to the ancient 

world, and the earliest mention of it is pro >a . j n,. |,j s 

of Geber If the work ascribed in these writings to Geber is really his. 

sulphuric acid must have been known by the ninth ^ntur^ but d i 
very doubtful if this is so. and hence the discovery of sulphuric acid is 
more probably to be assigned to the thirteen 1 ceil ury f . 

It was commonly made in the later middle ages by distilling ferrous 
sulphate crystals, from which it derives its name o,l of v.lnol. 

2(FeS0 4 .7H,0) = Fe s O, + H 4 S0 4 + SO, + 13H.0. 
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For a long time it was made by burning a mixture of sulphur and 
nitre over water, this process being the forerunner of the lead chamber 
process for its manufacture (see below). 

Free sulphuric acid is sometimes found in mineral springs whose 
waters have been in contact with sulphide minerals such as iron 
pyrites: 

2FeS* + 70 2 + 2H 2 0 = 2H 2 S0 4 + 2FeS0 4 . 

The waters of the Rio Tinto river in Spain contain considerable 
quantities of sulphuric acid on this account. 


§ 29 The Manufacture of Sulphuric Acid 

The manufacture of sulphuric acid is a world industry of vast 
importance, the production in the year 1948 being about eleven million 
tons. Approximately three-fifths of this was made by the Lead 
Chamber Process and two-fifths by the Contact Process. 

The Lead Chamber Process 

The first beginnings of this process, on a manufacturing scale, were 
made by Ward who, in 1740, prepared sulphuric acid by burning 
sulphur with nitre in large glass vessels—40 to 60 gallons capacity— 
time after time, until the acid which collected on the bottom of the 
vessels was strong enough to pay for its concentration in glass retorts. 
The acid was sold as “ oil of vitriol made by the bell,” to distinguish 
it from the acid made from ferrous sulphate. Roebuck and Garbett 
substituted lead chambers for Ward’s glass vessels in a works at 
Birmingham in 1746. F. Clement and J. B. Desormes, in 1793, showed 



Fig. 21.11.—Chamber Process for Sulphuric Acid Manufacture 
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that the process could be made continuous, and that the nitre plays an 
intermediary part between the sulphur dioxide and the air. 

Pip 91 11 is a diagram of the modern punt. .. 

Sulphur dioxtde is made in the burners, very often from iron pyrUe, 

(page 35o) and tnt m \ instead The last-named source of 

sulphur for° sulphuric acid manufactare 'ZxHteto 

^LTo^m^Xturing^^ale^nd so obviate the transport diffi- 

iron pyntes in haded 'materials’require the use of 

are necessary, out more nuuv • nnerated stirrers which 

special furnaces, fitted ^ j ^^f‘the*burning material to the air. 
constantly expose fresh . t exce ss of oxygen is present in the 

The air supply is so adjusted that ™®^^ , llex > t ,s stage , f the process: 
gases which leave the burners, ready lor tin ium 8 

■tFeSj + 110* = 2Fe*0* + «SO*. 

0*Mtt o< nitrogen made JS! 

SSBftiiMfij c Kr;! j;'x ■ s:, SiSS 

sts; 

Z&ZtSXS £ j&'Tgrs.-.gSS 

tower are : (1) to recover tl . £ ’ . ( 3 » to help to concentrate 

tower ; (2) to cool the 8 ases fr ^ . , „ p ^ rtly to oxidize the sulphur 

the acid trickling down the tower . and (4) \ 

dioxide from the burners. nitrous fumes passes into 

The mixture of air. sulphur dioxide ami 1 ^“ s j| , “ ota| $ ity oi 

a set of three leaden chambers. NN C s „ rav of water is blown. 

150,000 cubic feet into the top “^ h ^ l ti ^ tc , y U^d The oxidation 
The gases in the chambers.are thus., wo chamb ers. The 
of the sulphur dioxide ma'nl> . ^ <low | v so as to allow time for 
gases are passed through the cl . The third chamber serves mainly 
all the sulphur dioxide to ^ JJj ^igh to condense the 

to dry the gases 1 he chamber*arUKrp^ ^ whjch it is run off. a 

sulphuric acid which collect. chambers. It is called chamber 

constant level being maintained in ^o ^TO ner cent. ll..S0 4 . 
acid. Chamber acid contains bet wee *r‘ . ■ highly charged with 

The excess air which leaves the tejehujoj from 

nitrogen oxides. These arcJ, d \\ w Gay-Lussac tower, packed 

the chambers to pass up a tow « c„i n huric acid is trickling. The 
with coke, down Which concentra d sulphuric acid is t J ^ .. 

concentrated acid absorbs the nitrous lumes. 



466 MODERN INORGANIC CHEMISTRY [Chap. 

% 

which collects at the foot of the Gay-Lussac tower is pumped to the 
top of the Glover tower along with some of the more dilute chamber 
acid. The “ nitrated acid " trickling down the Glover tower loses the 
absorbed nitrous fumes and some water. 

On leaving the Gay-Lussac tower the gases consist almost entirely 
of the nitrogen of the air used for the burning of the pyrites. These 
gases pass to a chimney, thus creating a partial vacuum which draws 
the gases through the plant. 

Tower Systems of Sulphuric Acid Manufacture 

It has been mentioned above (page 465), that in the ordinary 
chamber process one of the functions of the Glover tower is partly to 
oxidize the sulphur dioxide from the burner gases—in fact to do a 
portion of the work for which the lead chambers are provided. In point 
of fact, the action taking place in the Glover tower is several times 
more intense than that which occurs in an equal volume of chamber 
space. 

Attempts have accordingly been made to dispense with the use of 
lead chambers and confine the production of sulphuric acid to towers, 
like the Glover tower, down which passes sulphuric acid containing 
dissolved oxides of nitrogen and up which the burner gases (sulphur 
dioxide, oxygen, etc.) are passing. The sulphuric acid is produced in 
a similar way to its formation in chambers, but in the liquid instead 
of the gaseous state, with consequent very considerable saving of 
space. This system is now a commercial proposition and has been 
operated with success to a limited extent on the Continent. 

The details of the operations vary with different systems, but the 
following outline is more or less representative. Six towers are erected, 
the first five of which act like Glover towers, being fed with sulphuric 
acid charged with oxides of nitrogen, and being kept hot. The last 
tower acts as a Gay-Lussac tower and absorbs any oxides of nitrogen 
escaping from the previous towers. It is kept cool. 

The chief disadvantages of tower systems over the older chamber 
process are the necessity (i) for pumping large volumes of acid, and 
(ii) of forcing large quantities of gas against the resistance of the tower 
packing. However, now that mechanically efficient yet acid-resisting 
pumping machinery is available, the former difficulty has largely 
disappeared, and the increased cost of power for both pumping opera¬ 
tions is more than offset by the reduced capital cost, the smaller 
amount of space required and the greater efficiency of the tower 
system. 

The exact nature of the reactions on which the chamber process 
depends is still uncertain. 

According to an old theory, nitric oxide, NO, unites with the oxygen 
from the air, forming nitrogen peroxide: 

2NO 4- 0 2 = 2NO f . 
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The nitrogen peroxide then oxidizes the sulphur dioxide, and is at the 

same time reduced to nitric oxide: 

NO, + SO, -f- H,0 = NO + H,S0 4 . 

The nitric oxide is again oxidized to the peroxide, and so the cycle 
C0 Te e nitrogen W oxides thus serve to transfer oxygen Irom the air to 

“’SSf 

chamber crystals) arc lormcd. This acid decomposes rertli cvaler, giving 
sulphuric aci.1 + 0 . e, NO HSO.l 

■ * (chamber crystals) 

2(N0.HS0 4 ) + HuO = 2 HjS 0 4 + NO* -f NO 

Various other intermediate com- 1 

pounds have been suggested, e-g., j d 

H t N.S0 6 (Divers. 1911); H,NbO s rr* 

(Raschig. 1911). etc., but it does 
not really seem necessary, in the 
present state of our knowledge, to 
assume any more complicated series 

of reactions than the simple scheme ^iEiua uwk 

suggested above. In any case, the 

mere fact that a definite compound t 3 g 

can be isolated by altering the con- t 
ditions under which a reaction pro- r § 

gresses cannot be accepted as a l —^ I_ 

conclusive proof that the compoun* r -n r) 

so isolated is necessarily an interme- 
diate compound when the reaction 

progresses under other conditions. <a.A — 

Chamber acid is now only used -- 

as such, but prior to the advent ot //^/// f 

the contact process, the concen- /Y////// . 

trated acid of commerce was made 
by concentrating chamber acid. 

Weak sulphuric acid left over from 
nitration processes for the produc¬ 
tion of explosives is still concen¬ 
trated so that it may be used again 
and special plant has been devised 
for this purpose. 

Among the various types devised 
may be mentioned the Kessler „ K^k-r I'hm 

apparatus and the Gaillard Tower. • 






Fig. 21.12.— Krv*lci Flam 
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In the Kessler method the weak acid is fed down a tower R (Fig. 
21.12), which contains a number of perforated plates having inverted 
cups over the perforations, on to a “ dish ” of acid-resisting stone. Hot 
gases from a coke furnace are driven across the dish S and then up the 
tower R. The concentration of the acid in the dish produces a good deal 
of acid “ fume " which is condensed in the tower, where the temperature 
is kept at such a point that steam escapes, but sulphuric acid does not. 
The issuing gases are then passed through a vessel packed with coke 
drenched with concentrated sulphuric acid which removes any remain¬ 
ing mist of acid droplets. 

The Gaillard Tower (Fig. 

Dilute acid 21.13) is perhaps the most 

Dilute acid | successful method, partic¬ 

ularly when large quanti¬ 
ties of acid have to be 
dealt with. It comprises 
a tower of acid-resisting 
stone or brick into the top 
of which a very fine spray 
of the acid to be concen¬ 
trated is introduced. In 
the tower this spray meets 
a current of hot gases from 
a coke furnace. Progres¬ 
sive concentration of the 
acid takes place as it 
passes down the furnace, 
and a strong acid is run 
off from the bottom. The 
fumes carried off by the 
hot gases then pass up 
another, smaller lead tower down which some more of the acid to be 
concentrated is sprayed. The fumes then pass to a chamber containing 
lead bars maintained at a high potential where the mist of acid droplets 
is “ precipitated ” and returned to the process. 


Precipitatoi 



Coke 

furnace 


I k. 21.13.—(Jail lard Tower 


§ 30 The Contact Process 

Sulphur dioxide and oxygen combine to some extent when heated 
alone, forming sulphur trioxide. The reaction, which may be repre¬ 
sented by the equation: 

2S0 2 •+ 0 2 ^ 2S0 3 + 45-2 cals. 

is exothermic and hence, according to the principle of Le Chatelier 
(page 224). the amount of sulphur trioxide present at equilibrium will 
diminish as the temperature is raised. The reaction is, however, very 
slow, in the absence of a catalyst, but, as was shown by Peregrine 
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Phillips in 1831, platinum is a very efficient catalyst for this reaction, 
and at temperatures of 400-500' almost complete conversion of sulphur 
dioxide into sulphur trioxide can be effected in a reasonable time. 
At lower temperatures than this, the reaction is too slow, and at higher 
the amount of sulphur trioxide formed diminishes falling almost to 

zero above 1000°. . . • 

This reaction is the basis of the contact process for the manufacture 

of sulphuric acid, since sulphur tnoxide will combine with water. 

forming sulphuric acid. . , 01 

The details of the process are illustrated by rig. -1.14. 

(Purification) m mmm 


OflTl 
from I 
Roasters] 


Olooer 

Tower 


Drying Towers 


| vix 1 

Duet Chamber 


Water 

Cooler 


Electrostatic 

Mist 

precipitator 


Blower 


Cae Exit 


Pressure Side of Blower 
(Conversion and Absorption) 



Blower Pressure 
Equaliser 


Preheater 
(for 
starting 
etc.) 


jtteaf E 


Exchangers Converter 
Qas Cooler 


Absorber Towers Storage 

Cooler Tanh 


Fig. 21.14.—Contact Process 

Sulphur dioxide is obtained “^^^hjllrificati^n'^rto 

Uis particularly necessary- for 

the gases to be absolutely free from ars<: me-■ chamber—the " dust 

The gases are cleaned by and 

chamber —into which steam - ) . .« 1S , S meet a descending 

through a Glover tower in each of whic i k * | | | sulphur 

spray of water, which removes chlorine and. n .r 

dioxide from zinc sulphide concentrates, a go 

washed out. removed by a Lodge-Cotterell 

The last traces of suspended matter of v J tica , ,arthed lead 

electrostatic mist precipitator. 1 ,,1-mvered wire at a 

tubes down the centre of each of wine . ‘ ‘ , changed mist 

potential of -20.000 volts. This drives the negatively charged mist 
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particles to the walls of the tube. The gases are then passed to a tower 
where they are showered with lime water to remove last traces of 
chlorine and dried by passage through towers where they meet descend- 
ing streams of concentrated sulphuric acid. Finally they pass through 
water to remove any sulphuric acid from the towers. The gases are 
periodically tested for dust, arsenic, etc., to make sure the scrubbers, 

etc., are working efficiently. . . .. 

The purified gases then pass through a heat mterchanger where they 
are heated up by the outcoming gases (which are themselves thereby 
cooled) and then through the catalyst chamber. Sulphur trioxide is 
formed and heat is evolved. The rate of flow is so arranged that the 
temperature in the catalyst chamber is kept at about 400°. 

The exit gases consist principally of sulphur trioxide and nitrogen ; 
on cooling, the former forms a mist of very fine droplets which is 
absorbed with great difficulty by water or dilute sulphuric acid; but 
it is rapidly and completely absorbed by 98-5 per cent, sulphuric 
acid. Hence the gases which leave the contact chamber pass into 
cast-iron tanks containing sulphuric acid of this strength. A stream 
of water or dilute acid is run into the condensing tanks at such a rate 
that the strength of the acid is maintained at 98-5 per cent. By restrict¬ 
ing the supply of water in this operation, oleum or fuming sulphuric 

acid is obtained. . 

Formerly, platinum was almost the only catalyst used, being em¬ 
ployed cither in the form of platinized asbestos or deposited on 
magnesium sulphate or on silica gel. Platinum is rendered much less 
sensitive to poisoning, for example, by arsenic, by being supported on 
silica gel and this method is now generally used if platinum is employed. 
In recent years the use of vanadium catalysts has been developed and 
it is probable that they will, in time, replace platinum for sulphuric 
acid manufacture. These catalysts are usually complex sulphates of 
alkalis and vanadium supported on an inert base such as silica gel or 
kieselguhr. They are much less susceptible to poisoning than platinum 
but it is still necessary to remove all small particles from the gas stream. 
Furthermore, if small quantities of halogen are allowed to remain they 
form volatile vanadyl compounds resulting in removal of catalyst in 
the effluent. Ferric oxide which is used in the Mannheim process is not 
sensitive to poisonous impurities, e.g., arsenic; indeed, it actually 
absorbs arsenic and so acts as a purifying agent. But it requires a 
higher temperature (about 700 c ) to do its work, and the oxidation is 
incomplete (50 to GO per cent.). Sometimes a Mannheim plant and a 
platinum plant have been worked in conjunction, first oxidizing the 
mixed gases at a high temperature with the ferric oxide catalyst, and 
absorbing the resulting sulphur trioxide, then passing the remaining 
gases over platinum at a lower temperature so as to complete the 
reaction. 
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§ 31 Properties of Sulphuric Acid 

Sulphuric acid is a colourless oily ^ causes 

txtrentely corrosive to *' u * a "' ," 4 at 15 . and it freezes at 10 5 : . 
very senous burns. Its dl " ' ' f , , lhuratt ,rv contains about 2 per 

The ordinary concentrated act i im 'n h lower temperature, 

cent, of water and. therefore. ' | kjn{ , (unH . s of sulphur tri- 

It boils with decomposition; giving oil chokutf, 

oxide and the vapour of the acn . mixture becomes hot and 

On mixing sulphuric acid w. aUr tin , iablc to cause 

the temperature may_nse at> - ~ ]wn diluting sulphuric acid, 

senous accidents if care <■ > w ith vigorous stirring. 

The acid should always be added to t h'! volume of the cold 

When sulphuric acid i> nu\ < volumes of water and acid 

™tur« isiuch occur. wi.h 

used. It is remarkable that ilu of Hso tha , is. 79-< per 

solution containing about .U-i 1 • contraction with solutions 

cent, of S0 3 . There is f!^^Xr trioxide that is a total per cent. 

containing GO per cent, of free 1 f g ram of different 

of 92 05 S0 3 . A curve showing tl e .'°' "lie acid H,S0 4 , in water .> 
solutions of sulphur triox.de and of sulphuric aciu. n . 4 . 

shown in Fig. 21.13. 
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Fig. 21.13.—Contraction Curve 
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Per ctnl S0 3 

Fig. 21 1<»— Roiling Curve 


Sulphuric uciil 1I1.SO.I r^rft'SSTS; 

tion. Some sulphur trjoxide , point steadily rises until the 

retort becomes weaker, and the U P cen t. H .,S0 4 (that is, 

acid has attained a strength of abo MWConversely. on 
80 per cent. S0 3 ). when it tlitjj ^ i he acid becomes ^truneer and 

at tin 


id has attained a strong! n oi « • 1 . j Conversely, oi 

per cent. S0 3 ). whe ' 1 'V^tric tcid the acid becomes stronger am 
boiling dilute solutions of sulphur ’ SSi > s over; at the same tune, 

stronger since water or very A‘ i j„ jrjg. 21. lii, until the acid 

the boiling point steadily rises as.1 '' ' H ,SO.. when it distils over 

has attained a strength of 98 per cent, n, 4 

unchanged, at 317°. di i utc sulphuric acid, and above 

Below that temperature wat evo ] V ed. 1 At that temperature 

that temperature sulphur trio. • itl is obtained. The specific 

(750 mm. pressure) a constant boJV, hc contrac , io n curve a 

SIS 21 °!^ wlri, anTcid of nearly that concentration. 1 h,s 
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acid also absorbs sulphur trioxide more rapidly than either water or 
dilute sulphuric acid. 

The freezing-point curves of solutions of sulphur trioxide in water 
arc shown in Fig. 21.17. Maxima occur at points corresponding with 

H 2 S0 4 .4H 2 0, H 2 S0 4 .H 2 0, H 2 S0 4 , and 
HoS0 4 .S0 3 (pyrosulphuric acid). The 
application of the Phase Rule (page 159) 
to freezing-point curves shows that 
these may be taken to represent the 
composition of definite compounds of 
sulphur trioxide and water formed under 
the conditions stated. 

These facts all point to the existence 
of definite compounds of sulphuric acid 
and water. In addition, crystals of the 
composition H*S0 4 .S0 3 ; H 2 S0 4 .H 2 0; 
H 2 S0 4 .2H 2 0 and H 2 S0 4 .4H 2 0 have 
been isolated, so that it seems reasonable 
to assume the formation of such com¬ 
pounds during the dilution of the con¬ 
centrated acid. 

The great affinity of sulphuric acid for water makes it a useful drying 
agent. Hence its use in desiccators, and for drying gases. Sulphuric 
acid acts upon solid and liquid substances depriving them of water; 
or even decomposing the substance—splitting off the elements of water 
when no ready-formed water is present. W ood, paper, sugar, starch, 
and many organic substances are blackened by concentrated sulphuric 
acid owing to the separation of carbon which accompanies the removal 
of the elements of water. This property is utilized for the preparation 
of carbon monoxide (page 3t>7). I he effect is easily demonstrated by 
stirring 10 grams of powdered cane sugar with 12 grams of concen¬ 
trated sulphuric acid in a beaker. The sugar first becomes pale brown, 
rapidly darkens in tint, and finally becomes black: at the same time, 
much steam is evolved and the mass swells up considerably. 

Dilute sulphuric acid shows all the ordinary properties of a strong 
acid (page .‘i 12) such as turning litmus red. action on metals, etc. 
According to the Ionic Theory, it is not so strong an acid as nitric and 
hydrochloric acids, but is stronger than most others (page 243). The 
dilute acid reacts with all metals except bismuth, mercury, lead, 
copper and the noble metals, liberating hydrogen, e.g., 

Zn -f H 2 S0 4 = ZnS0 4 + H 2 . 

(Aluminium, chromium and nickel, which sometimes appear not to 
react, will do so if the protecting film of oxide is removed.) 

Concentrated sulphuric acid does not react with metals in the cold, 
but when heated oxidizes them, being itself reduced to sulphur dioxide. 



Per cent of S0 3 

Fig. 21.17. 
Freezing-point Curve 
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This is owing to the fact that sulphuric acid, when hot. is an oxidizing 

^A^vDical example of its action on metals has been discussed in 

connection with the laboratory preparation of sulpha ^hunc aad 
456), using copper. The reaction between concentrated sulphuric acid 

and other metals is probably similar. , . . - nc su i D hidc 

In the case of zinc, for example, hydrogen sulphide zinc sulph.de 

and free sulphur may be formed, as well as su p ■ carbon 

Many non-metals are also oxidized by sulphuric acid. e.g.. caroo. 

andsulphur: _ 

C 2H,S0 4 = CO, + 2SO. + 2HjO 
S 4- 2H.S0 4 = 3S0. + 2H.O. 

Hydrogen also, even in the ccdd *"*'*"£ J° ^'borne "in mi'ndThen 
traces of sulphur dioxide, a fact unicI ) n . . 

drying this gas with concentrated sulphuric at 1 • <u |nhiiric acid is 
Another familiar example of the ox.du.ngjhydro- 
its behaviour with bromides and lodid s (p‘g bromine and 

bromic and hydriodic acid first formed ^f^oared bv the 

iodine respectively, so that these acids cannot be prepare . 

action of concentrated sulphuric acid on ui be . 

H,S0 4 + 2HBr = Br . + SO, + 2H,0 
H,S0 4 + «HI = 4H,0 + S + 31 2 
H,S0 4 + SHI = 4H,0 + H.s -1- 4I a . 

§ 32 Uses of Sulphuric Acid 

Sulphuric acid is a very important industrial £ 

uses are numerous. It was formerly use > d v ? elo))ment of the 

making sodium carbonate and nitric Lh.strv has 

ammonia-soda process and of the \ i t :. . j so employed 

reduced the demand for it for these (e.*T«iper- 

extensively for the marH.facU.re of exp os ho , )orus , a „d dyestuffs. 

phosphate and ammonium sulphate),« * • > refining in bleach- 

Large quantities are used in coal-tar andin-trokuni rehn.ng. ^ ^ 

ing and dyeing operations, clcctro-p • fe* . ( the glass 

manufacture of sulphates such as sod.um sulphate to . g 
industry, and ferrous sulphate for mk manufacture, a.so 
considerable quantities of the acid. 

§ 33 Formula of Sulphuric Acid 

The formula for sulphuric acid is generally taken to be SO,(OH) s 
**$£% t! d" acid, i.e., it forms two series of salts and only 

^Second .—Chlorine can react with concentrated sulphuric acid, form- 
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ing chlorosulphonic acid Cl—HSO a , where one OH group in sulphuric 
acid is replaced by chlorine. Phosphorus pentachloride—PC1 6 —can dis¬ 
place two OH groups in sulphuric acid, forming sulphuryl chloride 
Cl—S0 2 —Cl. Both these chloro-compounds react with water, forming 
sulphuric acid. The two OH groups can likewise be replaced by 
other radicals, e.g., NH g . Since two OH groups can be displaced 
together or separately, we infer that (1) sulphuric acid— H 2 S0 4 — 
contains two hydroxyl—OH—groups. 

Third .—It is possible to make but one compound of the type, 
CH 3 0—S0 2 —OK, by replacing the hydrogen of the hydroxyl groups 
with the radicals like CH 3 , C 2 H 6 , etc. Hence it is inferred (2) the 
hydroxyl groups are related to the remainder of the atoms in the 
molecule H 2 S0 4 in a symmetrical manner. 

Fourth .—Certain univalent hydrocarbon radicals—C 2 H 6 , C 6 H 5 , etc. 
—can replace the chlorine in C1HS0 3 and in S0 2 C1 2 to form, say, ethyl 
sulphonic acid—C 2 H 5 .S0 2 .0H, and diphenylsulphone—(C 6 H s ) 2 S0 2 , 
respectively. The same compounds can be made by the oxidation of 
mercaptan—C 2 H 6 SH, and of diphenyl sulphide—(C 6 H 6 ) 2 S, in which 
the radical must be joined directly to the sulphur atom. Assuming 
that the radicals remain fixed to the sulphur atom during the oxidation, 
it is inferred that (3) the hydroxyl groups in sulphuric acid— H 2 S0 4 — 
are directly attached to the sulphur atom. 

The detailed structures 


HO O 

^>S<^ for the acid, and 
HO O 



for the ion 


are in common use since they arc in agreement with the “ octet rule " and with 
the identical character of all four bonds in the ion. They also explain the relation 
between the sulphate ion and the sulphide ion 



00 


since the former may be supposed to be formed from the latter by donating four 
electron pair> to four oxygen atoms Recently, determinations of tile bond lengths 
have suggested the existence of a considerable proportion of double bond character 
in the links which would imply resonance between the forms represented by the 
older formula 



0* 


with the double bonds resonating among the oxygen atoms so making them 
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equivalent, and the one given above 
as a resonance hybrid of 

o °- H 

X 

o O—H 


Similarly the non-ionized add is regarded 


o °- H 

and X 

O O—H 


§ 34 Detection and Determination of Sulphuric Acid and 

Sulphates 

The usual method of detection is to sSha'tf Ha 

barium chloride solution to a solution o u - ^^ ncc of a su |phate, 

white precipitate be formed, lt l,uiu ‘ culnhate. It is essential 

owing to the formation of insoluble >an P - nso j u ^| e j n wa ter. 

to have the solution acid as many bariun >« 4 j which is 

but, apart from the fluosilicate. the sulphate is the onl> om 

insoluble in hydrochloric acid. the suspC cted sulphate on 

The usual confirmatory test is to t , a tlame. when a 

charcoal with sodium carbonate using water gives a black 

sulphide will be formed which V ^n ^ producesTbrown or black 
precipitate with lead acetate solution, 1 

stain when a drop is placed upon a silver to . dilute solution 

Sulphates arc usually determined by Many has been 

of barium chloride to a hot sol,u '” n ” jd ' Tlu ! precipitated barium 
slightly acidified with hydrochloric acid ' 1 ' hd 

sulphate is filtered off, washed, heated to redness and "eigne 

§ 35 Sulphates 

Sulphuric acid forms salts known ' orcarbonates, and 

with certain metals, metallic oxides. - ' jj cse w ill be found 

many of them arc of considerable hese 

described under the heading of the me a ^ ^ sa j (s <)f more volatile 

Sulphates arc also prepared l>> > h ^ wjth sul p| uir ic acid, 

acids, such as hydrochloric and ni * ..forms two series of saltx 

Sulphuric acid is a dibasic acid and so re. certain polv-acid 

viz! acid sulphates and normal sulphates. \\ b « rU^ 

bases, basic sulphates also occur 11» re are ma..> i 

sulphates also, such as the alums (page < - >• water an ,i crystallize well. 

The sulphates are mostly fairly solu _ q{ crystallization l he 

frequently with several molecules * • ar however only 

sulphates of lead, calcium, strontium and ba.ium 

very sparingly soluble in water. ..upline .. ir ths are stable to 

The sulphates of the alkali into the oxide ol 

heat, but those of the heavy metals < i strongly heated, 

the metal and (usually) sulphur tnox.de when vcr> b > 

6 * CuS0 4 = 4- 
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Ferrous sulphate (page 463) gives sulphur dioxide when heated; this 
type of decomposition is unusual. 

Most sulphates are reduced to sulphides when heated with carbon, 
e.g.. 

Na 2 S0 4 + 4C = Na 2 S -f- 4CO. 

(Compare the production of black ash in the manufacture of sodium 
carbonate by the Leblanc process—page 582; also the manufacture of 
sodium sulphide—page 590.) 


§ 36 Pyrosulphuric Acid, H 2 S 2 0 7 , and the Pyrosulphates 

Mention has already been made (page 470) of the fact that sulphur trioxide will 
dissolve in concentrated sulphuric acid, forming what is often called oleum or 
Nord hausen or fuming sulphuric acid A similar acid is obtained by distilling 
partially dehydrated ferrous sulphate crystals. P'eSO, H,0 (preferably with a 
little sulphuric acid in the receiver). The reaction appears to be represented: 
6 FcS 0 4 . H a O = Fe t (S0 4 ), + 2Fe,O s 3SO, + 6H f O 

followed by: 

Fe t (S0 4 ), = Fe,0, -f 3SO, 


The same acid is obtained by heating sodium pvrosulphate with concentrated 
sulphuric acid: 

Na t S t O, + 2H t S0 4 = 2NaHS0 4 + HjSjO,. 

Sodium pyrosulphate is made by heating sodium bisuiphatc to about 400°: 

2NaHS0 4 = Na t Sj0 7 + H t O. 

hence the name pyro sulphuric acid—from the Greek nvp (pyr). fire. 

burning sulphuric acid is a viscous, oily-looking liquid which is considered to 
be a solution of variable proportions of sulphur trioxide in concentrated sulphuric 
acta. I he fuming of the acid is due to the escape of the sulphur trioxidc. 
* -iiLiei\ in H 'vanned, sulphur trioxide volatilizes and leaves sulphuric 

acul IljS() 4 , behind Ibis acid has often a brownish colour owing to the presence 
of a little organic matter. It may also contain other impurities Fuming sulphuric 
acd is used in refining petroleum, in the manufacture of dyes, explosives, 
s lor >l.w king. etc. When cooled below 0°. the fuming acid furnishes crystals of 
pyrosulphunc acd. 11,8,0, or H,S0 4 .SO, or H,0 2SO a . melting at 35°. 

• , lo ." n as 1 , ‘ Pyrosulphates. do appear to exist (cf. the sodium salt 
mentioned above) and so it seems probable that the acid is definitely H t S,0,. 


§ 37 Persulphuric Acids and Persulphates 

It will be remembered (page 273) that when dilute sulphuric acid is electrolysed, 
hydrogen and oxygen are obtained in the proportion: two volumes of hydrogen, 
and one volume of oxygen As the concentration of the acid is increased^less and 

** cvo,v ^: untl1 - xv,th *»<> pt*r cent, sulphuric acid and a cold solution, 
inappreciable quantities of oxygen will be disengaged at the anode. A new 
compound is formed -persulphuric acid. The l>cst wav of studying this 

ac^;;^:nc“^^r;r ud so,ution of potassium su,phatc in * u, p hunc 

The solution is placed in a test-tube H. Fig. 21 IS. so that the test-tube is about 
three-fourths filled A glass cylinder I) is fixed in the test-tube. A coil of platinum 
wire ihe cathode—is allowed to dip into the solution of potassium sulphate as 
indicated in the diagram; and a platinum wire, sealed to a piece of glass tube so 
that about li to 2 cm. of the wire projects from the tube, forms the ^od^! 
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th The°(ormula K.S.O, is contormable with ‘he chaise hod . 

in the molecular conduct.v.ty of solutions o> ‘he saU D | Jo^v- 

with dilution, and with the lowering of the freezing point 

of solutions of the salt. H. Marshall, who first isolated / 

notassium persulphate in 1891. suggested thc 1 for ^ u ^ B 

KS0 4 . but later favoured the doubled formula gi ” 1 

The Properties of Persulphates “ 

The solid persulphates are fairly stable. Potass.um A - _ 

persulphate decomposes on heating into potass.um pyro- 

sulphate and oxygen: - - 

2KjS,O b = 2K t S,0 7 + O r -Vjy_—- 

An aqueous solution of a persulphate is a L- 

oxid?zlneaecnt. and is used for that purpose in anal>tical 

SI2I orecioitatcs brown hydrated manganese Mo. 21.18 

t^SotdtSSs:i .pSrffih I’otasshm/persulphate 

= " •* ®SL- t P P mh permanganate— 

“m persulphate , -ddy ^b, m^er.^^m ^e ^ 
no precipitate with the persulph • * ^ bv warming, a precipitate of 

sulphate, but if the persu^pha e bd o( lhe ac id-persulphuric acid. 

ateo^called pc^isuTphuricacid can be madc-by 

negattvcs^and^mmon'ium'persulphate .s used in technical organ,c chem.stry 
C ““' 9 pot-,um persulphate be digested w.th 

^c^hnrb^pc^Tpcr cent!) be mixed together, a per- 
monosulphuric acid .s obUmcd ; ^ ^ ^ + H ,SO.. 

The solution is sometimes called Caro s acid H.SO.-after ,ts d.scoverer. N. Caro. 

1898 . .. rrvst'illine mass which melts at about 45 v . and it 

The pure acid forms a £ * k e P ers U li»| lliric acid. Caro s acid has strong oxidizing 
is comparatively stable lake per j llhl . raU . s iodine from potassium iodide 

qualities Unlike d e !o the trmx.de: ferrous salts to feme 

at onct It also oxidizes sulphut' 1 b|ll lt 1S w ,thout action on hydrogen 

M^t e and n ^i C kc^' , ir a dws P nol X bleach 0 l>er,i| i aiU!a”iates! ,, iior l oxuJize'chroini'c'or 

- - 

pyrosulphuric add .^indicated by^rmulac. 0 _ s0t _ 0H 

°^~SO OH i—SO.—OH f^H 

pyrosulphuric persu|phuric C«os 

oClU 
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There has been some discussion whether Caro's acid is monobasic, H,SO^ or 
dibasic. H,S,0 # . The analysis of the potassium salt is not conclusive, since 
KHSO s would have the same ultimate composition as the salt K,S,O t .H,0. 
benzoyl chloride C,H a CO.Cl. reacts with the potassium salt of Caro’s acid, 
forming the benzoyl derivative This reaction undoubtedly corresponds with 
the monobasicity of the acid: 

O—SO,OK O—SO t OK 


O—H 


4 CeHj.CO.Cl 


HC1 4 



CO.C,Hj. 


It is very unlikely that this result would occur if the formula of the salt in ques¬ 
tion were K.S t O*.H t O. The synthesis of Caro's acid by the action of the calcu¬ 
lated quantity of chlorosulplionic acid. SO.Cl(OH). on pure hydrogen peroxide 
in the cold: 

SO,OH O—SO s OH 

^ 4 H,O a « HC. 4 ^ 


is in agreement with the view of the molecular formula just indicated. 


§ 38 Thiosulphuric Acid and the Thiosulphates 

If an aqueous solution of sodium sulphite, Xa 2 S0 3 , be exposed to 
the air. one oxygen atom per molecule of sodium sulphite is slowly taken 
up, and sodium sulphate, Na 2 S0 4 , is formed. Similarly, if sodium 
sulphite be digested with finely divided sulphur for some time, one 
atom of sulphur per molecule of sodium sulphite is taken up, and a 
new salt, sodium thiosulphate. Xa 2 S 2 0 3 (page 593) is formed: 

Xa 2 S0 3 4 0 = Na 2 S0 4 

Xa 2 S0 3 4 S = Na 2 $ 2 0 3 . 

These reactions suggest some analogy in the structure of the thio¬ 
sulphates and the sulphates; and this is emphasized by the term 
//no-sulphatcs, meaning sn//>/jo-sulphates—from the Greek Belov 
[theion), sulphur. 

The name sodium hyposulphite (the photographer's “ hypo ”) was 
formerly used for this salt, but that name properly belongs to the 

substance Xa 2 S 2 0 4 . 

Thiosulphates are also formed by the action of caustic alkalis on 
sulphur (page 147), and bv the oxidation of soluble sulphides (e.g., 
potassium sulphides) in air: 

-K 2 S 2 -f 30., = 2K 2 S 2 0 3 

and also, by the action of sulphur dioxide on sodium sulphide: 

2Xa 2 S 4 3SO , = 2Na 2 S 2 0 3 4- S. 

thiosulphates were formerly manufactured from alkali waste (page 
5H2) but are now made lrom the waste liquors from the production of 
.sodium sulphide (page 590). 

Sodium thiosulphate is also formed when a mixture of sodium 
sulphide and sulphite is treated with iodine. This is sometimes called 
Springs reaction (cf. page 4SI). 

Xa 2 S 4 Xa a S0 3 4 I 2 = Xa 2 S 2 Q 3 4 2NaI 
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Thiosulphuric acid has not been isolated. By acting on a thio¬ 
sulphate with a dilute mineral acid, thiosulphunc acid appears to c 
formed but it begins to decompose at once into sulphur dioxide and 
free sulphur The sulphur only appears after the lapse of a certain tun . 
seconds or'minutes. according to the concentration of the solution: 

Na 2 S 2 0 3 + 2HC1 = 2NaCl + SO, + S + H.O. 

The evolution of sulphur dioxide with the separation of sulphur on 
the addition of a dilute mineral acid, distinguishes thiosulphates fro 
sulphites in qualitative analysis. 

§ 39 Other Oxides of Sulphur 

In addition to sulphur dioxide and sulphur tr.ox.de, which have been descr.bed 
above the following oxides of sulphur have been reported. 

Sulphur monoxide. SO 
Sulphur sesquioxidc. S a O s . 

Sulphur tetroxide. SO, 

Sulphur heptoxide. S.O, 

These are. however, not ol any very great importance at this stage o, our work. 

a oxide s srr 

Mor^ntffcK'hv hls'ohla.ned^t (nuxed with sulphur dioxide, by the 

combustion of sulphur under suitable ^ mi 1 decomposes very easily, particularly 
It is described as a colourless gas ,I P c ombincs with oxygen when 

in the presence of water « or^mc ma u l com ^ . 

sparked, giving sulphur dioxide, while 

Sulphur Scsquioxide. S,0 3 malachite-green crystalline mass by 

This oxide is supposed to be trioxide and as a blue solution by the 

the direct union of sulphur and s P sulphuric acid. There is some doubt 

action of flowers of sulphur on Nordhansu^sulj Rd> WUh walcr . sulphur 

whether the bluish-green mass oJ su | phur £ and sulphurous acids, and 

sesquioxidc gives sulphur and a t y * that Sll i p hur sesquioxidc is not 

"he anhydride' of^vposiili.hurous acid he. a use the latter decomposes tn a s.nnlar 

way (see page 480 below). 

Sulphur Tetroxide. SO, , in 1034 by Schwarz and Achcnb uch 

This oxide is claimed ' mixture ol sulphur dioxide and a large 

by the action of a glow disc ha gt • described as a white solid which 

excess of oxygen at^ 0 • 5 al 3 ®. forming sulphur heptoxide. It is 


VAVVOO J f)'- ^ q ~ . 

begins to decompose at anu 

said to be a good oxidizing agent. 


Sulphur Heptoxide, S»®» ol oxygen and sulphur dioxide i> 

M. Berthelot (1878) found that when a I preparation of ozone, page 3IH). 

exposed to the action of a silent ^iscnarM ic , 1 

oily drops of sulphur heptoxide .ire o ^ 

2SO, + O, - b f O,. 
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with a hissing noise like sulphur trioxide, but the solution has not the same 
properties as if sulphur trioxidc alone had been dissolved in the water A similar 
solution can be obtained by mixing concentrated sulphuric acid with hydrogen 
peroxide in the cold, and by the electrolysis of concentrated sulphuric acid. 


§ 40 Other Acids derived from Sulphur 

Besides the important acids already discussed, the following derived from 
sulphur are known: 

Sulphoxylic acid, H,SO, 

(in the form of its cobalt salt and of organic derivatives only); 

Hyposulphurous acid 

(hydrosulphurous acid), H,S t 0 4 ; 

The Polythionic Acids, H,S n O f 
(n = 2. 3. 4. 5 or 0). 

Hyposulphurous Acid. H 2 S 3 0 4 

C. L. Berthollct (1789) noticed that ; ron dissolves in sulphurous acid without 
giving oft a gas; L. N. Yauquelin and A. F. Fourcrov (1798) found that tin and 
zinc behaved in a similar way: and C. F. Schonhcin (1852) obtained some 
reactions with a lower sulphur acid which were probahlv caused by what is now 
called hyposulphurous acid. P. Schutzcnbcrger discovered this acid in 1869 

By treating an aqueous solution of sulphur dioxide with finely divided zinc, 
zinc hyposulphite is obtained : 

Zn + 2SO a = ZnS a O| 

By using sodium hydrogen sulphite solution similarly, the sodium salt is obtained : 

2NaHSOj + SO t + Zn = Ka s S,0< + ZnSO, + H,0. 

I he zinc can be precipitated as hydroxide by treating the solution with lime, 
and on saturating the filtrate with common salt, sodium hyposulphite crystallizes 
out 

1 he free acid can be obtained as a yellow solution by treating calcium hypo¬ 
sulphite with oxalic acid. It readily absorbs oxygen from the air and is a very* 
powerful reducing agent. 

I he sodium salt is used industrially, and in the chemical laboratory as a 
reducing agent I or instance, it bleaches sugar, indigo blue, etc It reduces 
pennan-MiiatCN. and also reduces some metallic salts to the metal—e g., silver 
nitrate, -oid gold and platinum chlorides; and in the case of copper sulphate, 
a bro-Af copper hydride. CuJl 2 . is formed It seems to act as an oxidizing agent 
to\%«.r*N Sr. dr<-gen sulphide in the presence of moisture, for sulphur is precipitated, 
ami thio>':l.'Iiate is lornied 

The hyposulphites are known commercially ns liydrosulphitcs. since hvpo- 
sulphuious acid is an old name lor thiosulphuric acid (q.v.), and although the 
use of the term hyposulphite for the salts of the latter acid has been largely 
given up. it is still retained by photographers, hence giving rise to the possibility 
of confusion. 


§ 41 The Polythionic Acids 

There is a remarkable scries ol five acids—called collectively the polythionic 
acids—closely related to sulphurous acid and to thiosulphuric acid. The poly¬ 
thionic acids include di-. tri-. tetra-. penta-. and hexa-thiome acids. 

I hese have the general formula lljS n (.) 4 and probably have the structure: 


,SO g OH 

'^SO.OH 
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Dithionic Acid, H,S,0 4 _ . • *:j u v Qnrinc’s reaction 

The sodium salt is made together with some sulphuric acid, by p g 

with iodine on sodium sulphite: c ~ 

2Na,SO, + It = 2NaI + Na,S,0 4 . 

The manganese salt. MnS.O., ,s made by pass.ng sulphur dioxide through water 

with manganese dioxide in suspension. 

MnO, + 2SO, = MnS t O r 

Ferric hydroxide or cobaluc hydroxide -orms ferrous o^obaltou^ sulphate an £ 
dithionate when treated with sulphurous ac mixing it with banum 

dithionate is converted barmm c .th.onate, Ba^O. ; b>_ m by 8 cr> . stallizatlon . 

hydroxide, Ba(OH), and the resu 8 dithionic acid and insoluble barium 
BaS.0..2H 1 0 is formed Thisgivessolublc sohltion of the 

acid^can ^concentrated b>'evl^oratL until .ts spec.fic gravity is about 1-35. 
any further concentration decomposes the acid. 

H,S t 0 4 = SO, + H,S0 4 . 

««s,r“ ! * 

concentrated solution of potassium thiosulphate • 

3SO, + 2K,S,0, = S + 2K,S,O t . 

. ™.,i Kv the action of sulphur chlonde. SCI,, on 
Sodium trithionate is also forrm > solution of potassium hydrogen 

sodium sulphite, and by warming an aqueous solution p 

sulphite with flowers of sulphur. q 

r.KHSO 4- 2S = 2K,S,0. + 

2>\e.S,O a = Ag,S + Ag,S,O e . 

«i t'xcinm salt bv the addition of hydrotluosilicic 
The acid itself is formed from the po* an j t |, e trithionic acid remains in 

acid. Potassium fluosilicate is pr I • <]oComposct j , nto sulphur, and sul- 

solution The acid and its sa s f actlo „ G f sodium amalgam, sodium 

phuric acid or a sulphate. B> ,• _? sulphite and sodium thiosulphate, 

trithionate is converted back of sodium trithionate is boded 

According to Chancel and Deacon. « formed. There is thus an intimate 

with sodium sulphide, sodium th, P^X^c acids 
relation between thiosulphunc and trithionic aculs 

Tetrathionic Acid, H,S 4 0 4 .. w ith iodine and sodium thio- 

The sodium salt is formed by Spring s reaction with iodine 

sulphate: . = 2 Nal + Na,S 4 0 4 . 

* *i n a similar manner, and from this the acid itself is 
The barium salt is prepared in a « reaction under consideration 

obtained by the action of d.lutc w»r,c ac, ^.[! nioval ot a n atom of sodium 

I is the last of the set of con ^ n ^J , a ^. t ,* c condensation of the residues to form 
from each of two molecules of a salt an jj. ( tr i-). and tctrathionatc. 

a more complex molecule- w.th by treat, ng the 

All these reactions are reversed ami the ®W |iionic aci / can |* made by passing 
complex salts with sodium • J, hurous ac »<i „ n til the smell of sulphur 

a current of hydrogen sulphide in _ I warmed on a water-bath to get rid 
dioxide is discharged. I he solutio • water lost by evaporation being 

of sulphur dioxide and hydrogen sulphide, the water X 

replaced from time to time. concentrated solution of sulphurous 

When hydrogen sulphide is. passe , thc po i y thionic acids is formed 

acid at 0°, a solution containing a numuc. i 
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It is called Wackenrodcr’s solution. It is probable that the first action of the 
hydrogen sulphido results in the formation of tetrathionic acid: 

H,S + 3SO, - H,S 4 0 6 ; 

and that this decomposes into the tri- and pentathionic acids. The passage 
of the hydrogen sulphide can be continued until the solution contains little 
more than sulphur and pentathionic acid. The solution containing a mixture 
of sulphur and pentathionic .acid can be concentrated by evaporation until 
its specific gravity is about I -Hi. and then saturated with potassium hydroxide; 
the solution is filtered to remove the sulphur and allowed to crystallize spon¬ 
taneously. The crystals which separate have the empirical composition: 
K 3 S 5 0 # .3Hj 0. The final products of the action are sulphur and water. 

Potassium Hcxathionatc, K 2 S 4 0 6 , corresponding with the unknown hcxathionic 
acid. H s S«O e . is said to have been prepared in an impure condition from the 
mother liquid remaining after the separation of potassium pentathionate. The 
aqueous solution is very unstable 


$ 42 Acid Halides of Sulphur 

Acid halides are compounds derived from oxyacids by the replace¬ 
ment of one or more hydroxyl groups by halogen. A whole series of 
such acid halides are derived from the sulphur acids. Thus, from 
sulphurous acid, there are: 

Thionyl fluoride, SOF 2 , 

Thionyl chloride, SOCU, 

Thionyl bromide, SOI$r 2 ; 

and, derived from sulphuric acid, 

Sulphurvl fluoride, S0 2 F 2 , 

Sulphuryl chloride, S0 2 Cl 2 , 

Fluorosulphonic acid, HO.S0 2 F, 

Chlorosulphonic acid, HO.SOXl. 

Only thionyl chloride, sulphuryl chloride and chlorosulphonic acid are 
of any great importance. 

I he remaining possible compounds of bromine and of iodine corre¬ 
sponding to the thionyl and sulphuryl compounds are either unknown 
or, it their preparation has been described, their existence is very 
doubtful. J 

>f 43 Thionyl Halides 

Thionyl Chloride, s()( I 

Thionyl chloride ran In- prepared by the action ol phosphorus pentachloride 
on sulphur dioxide or sodium sulphite: 

-o,m N son. -r pocu 

Na.so, - 2 PCI* =- SOCU 4- 2XaCI 4- 2POCI,. 

It is also lormed by the action ol sulphur nionocliioride on sulphur trioxide: 

SOj S SXU - SOCU -r SO, 4- S. 

The first o! these methods in often employed in the laboratory; the last is the 
usual commercial process, with the modification that chlorine is passed through 
the mixture in order that the free sulphur formed mav be reconverted into sulphur 
chloride. ' r 
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the acid chloride o. sulphurous aad^^ _ ^ + 2HC[ 

It finds employment in the '^ rat °^ ( °y coV^undThTa'°manner simdlr to 

removed by-product. vu.. 1 - d chlorides of organic acids. . 

PU Th°onyrfluoride^formed by 1 ^" h\ t o^^ n wi11? s"liybromide 

£ U “° nyl “ 

§ 44 Sulphuryl Compounds 

Sulphuryl Chloride, SOjCl 2 chlorine be exposed to direct 

sunligh^M^cian^H'a little canrphor be present, sulphury, chloride is 

obtained: SO* + Cl, = SO s Cl 2 . 

• j i • 1 . u n :ic nt G9 c It reacts with water m 

sirisrsa 5* ""““phonic «*« = 

SO,Cl, + H t O = HO.SO,Cl + HC1, 

while, with excess of water, sulphuric acid results: 

<;n n 4 - 2H.0 = H 2 S0 4 + 2HU. 

• 1 \tc that sulphuryl chloride is the acid chloride of 
These reactions indicate that smpim \ 

sulphuric acid. . lt . .. manufacture of organic acid chlorides. 

It is used commercially m the manufacture oi ^ ^ ^ umon o( 

Sulphuryl fluoride SO,F t . has gas and behav.-s in an analogous 

sulphur dioxide and fluorine. It is a colour.*. b 
manner to the chloride. 

,ri “ ide mj 

hydrogen chlonde: = H O.SO,Cl; 

. by M, . —« - *“ 

phorus HO SO.CI + I'OCI, + HCI 

o H H sb Vrocia = HPO, + HCI 4- 2 (HO S0 2 0). 

Chlorosulphonic acid is a c^ouri^s l q ) r ^ cxj>losiv< , violence. 

which boils at 1*>1 . It rc« i i.vilruchloric acids: 

*”—*. 

It "finds extensive «. 

the manufacture of saccharine) 
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§ 45 Sulphur Halides 

The following halides of sulphur are known with reasonable certainty 
to exist: 

Sulphur hexafluoride, SF e , 

Sulphur decafluoride, S 2 F 10 , 

Sulphur monochloride, S 2 Cl t , 

Sulphur dichloride, SC1 2 , 

Sulphur tetrachloride, SCl 4 , 

Sulphur monobromide, S,Br 2 . 

Others have been reported but are more doubtful. No compounds of 
iodine and sulphur are definitely known, although a solid prepared by 
the evaporation of a mixed solution of iodine and sulphur in carbon 
disulphide is prepared and sold under the name of sulphur iodide. 
This is believed, however, to be either an ordinary mixture or at least 
a solid solution. 

Sulphur Hexafluoride, SF 6 

Sulphur hexafluoride was obtained by Moissan by the direct action 
of fluorine on sulphur. It is a colourless, odourless gas, which is 
comparatively stable and chemically inert. This latter property is 
particularly exemplified by the fact that it is unaffected by water, 
whereas the other halides of sulphur are decomposed by water. In 
this respect sulphur hexafluoride resembles carbon tetrachloride (page 
•77), and, with it, differs from most other non-metallic halides. 

Now that fluorine can be made on a commercial scale (cf. page 488) 
the use of sulphur hexafluoride as an insulator in high voltage electrical 
and X-ray work is being developed. 

Sulphur decafluoride, S.F I0 . is reported to have been obtained by the fractiona¬ 
tion of the crude hexafluoride (Denbigh and Whytlaw Gray—1934) 

Sulphur Monochloridc, S 2 CI 2 

When dry chlorine is 
passed into sulphur 
heated in a retort. Fig. 
21.11) the two elements 
combine directly, form¬ 
ing sulphur chloride— 
S 2 Cl a —which collects in 
the receiver cooled by a 
current of cold water, as 
a yellow liquid. The oil 
is purified by redistilla¬ 
tion. The pale yellow 
liquid when pure has a pungent smell. It boils between 138° and 140°. 
The liquid fumes in moist air and is decomposed by water, forming 
sulphur dioxide, hydrochloric acid, and sulphur: 

2S 2 C1 2 + 3H 2 0 = 4HC1 -f H 2 SO a + 3S. 



Fig. 21.19.—Preparation ol Sulphur Monochloridc 
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Sulphur chloride is used as a solvent for sulphur in the 
of rubber goods; for decomposing some minerals m anaJys . . 

preparing some anhydrous chlor'cle-^. P. t Hence 

(H, - if. corresponding ^ ^ opS.e"»e 

"sulphur monochlonde does not a P }?l n <L-S--C\ 
for this compound. Its structure is probably Cl—S—b—c . 

If chlorine be passed Into sulphur monochlonde. cooled in ice. a garnet red 
liquid, said to be sulphur dichlonde.^is obtained^^, 

A mixture of liquid ch.onne anfsu.phur* 

same product when kept in a sealed tube at to . un nea 6 . 
sulphur monochloride and chlorine. 

Sulphur Tetrachloride. SCI. lon „ cd action of chlorine on sulphur 

Sulphur tetrachloride is formed b> the prolonged 

monochloride at -22° : $ q\ + 3CI, = 2SCl 4 . 

It is a red liquid, which begin ^"aMori^e" “IrLTtoT 1 yeiC-.lh- 
formulated _. q -« 


r 9 .H 

C1:S: Cl' 

- Cl J 


that is, as a polar compound^ ^ ^ which is formed by dissolving 

sufpturTn ^romine."or C by Iheati ng bromine with sulphur. It resembles sulphur 
monochloride in behaviour. 



CHAPTER 22 

THE HALOGENS 


§ 1 The Halogen Group of Elements 

T*fE elements fluorine, chlorine, bromine, and iodine comprise Group 
IIB of tlie Periodic Table (page 118) and they form one of the best 
defined families of elements. They arc often referred to as the halogens, 
a name given to them by J. J. Berzelius—from the Greek d\s {hals), 
sea salt, and ycwa<» [gennao), 1 produce—since these elements (and 
m particular chlorine, bromine and iodine) are found in sea-water as 
salts, resembling sea salt, which is sodium chloride. The gradation of 
properties of these elements, and their compounds, is further discussed 
at the end of this chapter (page ,540). 


§ 2 Fluorine 

Occurrence 

Fluorine does not occur free in nature. There is. however, a case 
recorded by H. Moissan where free fluorine occurs as an inclusion in 
C ,!7 S ., °* fluorspar from Quincid. The compounds of fluorine arc widely 

distributed, though not abundantly, in such minerals as cryolite, 
fluorspar, etc., and small quantities occur in some of the micas. It 
is also said to occur in all rocks, thermal waters, and vapours coming 
from beneath the earth's crust. Traces occur in sea-water, some 
mineral springs, bones, teeth, blood, milk, plants, etc. The brain of 
man has about \\ mgm., and some physiologists believe that the 
presence of fluorine is necessary in some subtle way. in order that the 
5V Un ., or ^ t an, Mn can assimilate phosphorus. It has been estimated that 
ine total abundance of fluorine on the earth is comparable with that of 
carbon, nitrogen and chlorine. 


History 

™ e ‘ aCt ,llat >' lass is attacked when exposed to the fumes produced 

nrrmirl ? 1 ,s "-""H'dwnh sulphuric acid was known to Schwank- 

caldu n " K "• Sch ‘ cK> i,aU ' (1 »hat fluorspar is the 

add bv hen,in ,t a pec,,llar . ? c,d He prepared this 

acid bv heating fluorspar with sulphuric acid in a tin retort. J. L. 

fluoride^nrf a Tli■ ‘V’ artl ' ;IS,ITl l >r °! ,ari,f1 anhydrous hvdrogen 
fuonde, and following Lavoisier s school, considered fluoric acid to 

In utTnTT' 1 ° Watcr W,tl : i ,ll I < ; oxi ‘ k ‘ of a m> « element—" lluorium." 

nriiin ^ P °T '' r ° t< \ , ° H nav >- su PS cs, ing •• many ingenious and 

onginal arguments in favour of the analogy between hydrochloric 

and hydrofluoric acids. Ampere concluded that hydrofluoric acid 
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contained no oxygen. The close " Ampore^haTfluorspar 

bromide, chloride, and fluoride *ugges ‘ ‘ t belonging to the 

is a compound of calcium with an about 

same family as chlorine. i) avv 's experimental work, 

hydrofluoric acid were established by H . Dp • exper ana)ogy 

1813. and the unknown element was» namea 
with chlorine. 

p rr; ^«» 

lems of chemistry. No one dou , methot j a { isolation, and for 

it successfully wthstood ever> P of handled Fluorine appeared 

over seventy years had never oven - capable of resisting 

to be so very powerful that no vessel seemed to be ^Pabie t| * 

its chemical action ; and it was compared vuth 

universal solvent of alchemy. it , t c UC cess among which may 

All kinds of expedients were tried vv . which failed 

be mentioned the electrolysis of i> ‘ below) • the electrolvsis of 
on account of the presence of water (set bM ^ ^ Gor( ; who 

anhydrous hydrogen fluonde j the action of chlorine on mercuric 
found it to be a non-conductor. ~ ^ nox# 1830). The problem 

fluoride in fluorspar vessels ‘ *» electrolysis of a solution 

was finally solved by Moissan in 1 h .^„*‘‘Vuoridc. 
of potassium fluoride in anhydrous i * . concentrated solution 

When an electric current is Plated afthe anode, and hydrogen 
of hydrogen chloride, chlorine i dro fl uor ic acid is treated in the 
at the cathode. When aqueous bydrotUionc aoa ^ a{ the 

same way, water alone IS dec °")P d ' -fhe anhydrous acid does not 
anode, and hydrogen at the cathode. he an ^ Moissan 

conduct electricity, and it cannot tl jn the li()U i d hydrogen 

found that if potassium flu " r ' cl , , jcitv and when electrolysed, 
fluoride, the solution conduct , d | 10r j ne a t the anode, rhe 

hydrogen is evolved at the catli . * • at t he anode, potassium 

primary products of the electrolysis are fluorine 

at the cathode: 2K HF, = 2HF + 2K + F t . 

. ... *. hvdroecn fluoride, reforming potassium 

The potassium reacts with the hydrogen 

fluoride and liberating hydrogen. 

2K 4- 2HF = 2KF 4- H 2 . 

i ,,, II.tube made from an alloy 
The electrolysis was first | css * attacked bv fluorine than 

of platinum and indium ,„ cnt4 showed that a tube of copper 
platinum alone. Later e.\p<ri k j by tht . fluorine, forming 

could be employed. 1 he W-t s attacUd by ^ ^ ^ (urther 

a surface crust of copper fluoride 1 

action. 
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In Moissan’s apparatus electrodes ol platinum iridium alloy were 
used and the open ends of the tul e w*re closed with fluorspar stoppers, 
the joints being made tight with lead washers and shellac. During 
electrolysis the apparatus was immersed in a bath of evaporating 
methyl chloride. 

Since Moissan's time a variety ot methods has been described for 
the production of fluorine, all of which depend upon the electrolysis 
of fused potassium hydrogen fluoride or of solutions of potassium 
fluoride in anhydrous hydrogen fluoride. One such improved method 
is that described by Dennis, Veeder and Rochow (1931). In their 
method (illustrated in Fig. 22.1) fused, perfectly dry potassium hydrogen 



fluoride is electrolysed between graphite electrodes, in a heavy V- 
shaped tube A made of copper, two inches in diameter. The ends 
are closed with copper caps B into which the electrodes R are fixed 
with bakelite cement, which was found to be able to withstand the 
action of fluorine. The whole cell is lagged with asbestos H and 
heated electrically to tuse the potassium hydrogen fluoride. The 
fluorine evolved is freed from hydrogen fluoride vapour bv passing it 
through U-tubes /* and G filled with sodium fluoride, with which the 
hydrogen fluoride forms sodium hydrogen fluoride. 

More recently still, the commercial production of fluorine has been 
shown to be possible and a number of different cells have been described 
which operate continuously with currents of KXH>-20tX) amperes 
anhydrous hydrofluoric acid being fed into the ceil as electrolysis 
proceeds. I he cells can be made of ordinary carbon steel, using a steel 
cathode and carbon or nickel anodes. In these large cells a screen 
separating the anode and cathode, is necessary; monel metal gauze 
(page b!2) has been found very suitable for this purpose. 


Properties 

Fluorine is a light canary-yellow gas which condenses to a clear 
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, . 1070 . Anri trcezes to a pale vollow solid 

phosphorus, arsenic^ and cinUm am orphous boron, powdered 

descence; so do crystalline • * • ! s . some take hre 

charcoal. All me ‘ als are acte ^ “ f P ° he alkalis and alkaline earths: 
spontaneously—e.g., the metals* . , . d silver—require 

others—e.g., magnesium, aluminium, nickek and Jd ^ ^ 

warming to start the reaction. k liberates chlorine from 

300°. e.g., gold and platinum F uonne al^imcrat fluonne 

sodium chloride and from carbo * * j t q ass< Fluorine does 

has no action on silicon, phosphor s. . at * t he‘temperature of the 
not react with mtrogen or oxyge ■ „ dium and iridium are attacked 
electric arc or induction discharge. 

at about 500°, and rhodium scarce \ a ‘ • entirely tree trom 

Glass is not attacked by fluorine . the gas i- £ removed 

hydrogen fluoride. Ihis latter . can 

adequately by cooling the fluonne.» Q ^ lt decomposes water 
Fluorine is a very powerful ^ onc and this oxygen is 

with evolution of oxygen chargd t ^ ^ Q , cnergy . As an 

liberated associated with a .^ to Jf at|ueou s solution of potassium 
example of this, fluorine passed * l |<C10 4 . Fluorine differs 
chlorate, KC10, oxidizes it to the complex acids and 

Xllx e «U h s er e g Mrofluoboric acid HBF.; hydrofluosilicic acid. 

Sitf!3 O, the other halogens forming a variety 

of interhalogen compounds (see page •>- ■ ot fluori ne on a 

The development of methods or tne p™ ^ production of 

commercial scale seems likely to <-• .\l rca d V dichlorodifluoro- 

“ ““ di,ion " ,e - “■* * 

number of similar substances arc av ai a 

Atomic aod Holeculai Wc'Eht oi Uoo^f.^ Cabli.hcd by convectiny 

JmmTooSf £Sun. fluoride. «litm. fluoride, etc.. utto the 

corresponding sulphates. methods resulted in values between 

The best determinations by these mc\n<M± rt to bc l 9 .oo. 

18*97 and 19*14, and the bes repre * nfflQ) have determined the 
Quite recently Cawood and I at on ( method from the 

ELTl^SS^ZSb The,, clue .or 
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the atomic weight is 18-996. No known volatile compound of fluorine 
is known to contain less than 19 parts of fluorine per molecule, and 
hence this is taken as the atomic weight. The vapour density of 
fluorine corresponds with the formula F 2 . 


§3 Hydrogen Fluoride, H,F t 

Hydrofluoric acid—an aqueous solution ol hydrogen fluoride—is 
manufactured by the action of 90 per cent, sulphuric acid on calcium 
fluoride (fluorspar): 

CaF 2 -+- H 2 S0 4 = H 2 F 2 -f- CaS0 4 . 

The operation is carried out in a cast-iron pot or retort connected to 
a series of leaden boxes containing water or dilute hydrofluoric acid to 
absorb the gas from the retorts. The condensers are submerged in 
water to keep them cool. A by-product, calcium fluosulphonate, 
Ca(FS0 3 ) 2 , is also formed and remains in the retort. Commercial 
hydrofluoric acid is marketed in lead, gutta-percha or wax (cerasine) 
bottles, since it attacks glass. Alternatively, by condensing the vapour 
in a strongly cooled empty steel, copper or lead receiver almost 
anhydrous hydrogen fluoride (containing only 0-1 to 0-2 per cent, of 
water) is obtained and is stored in steel cylinders. 

Pure hydrogen fluoride is prepared in the laboratory by distilling 
pure, dry potassium hydrogen fluoride in a copper or platinum 
apparatus; the pure acid which distils over is collected in a copper 
bottle cooled in a freezing mixture: 

2KHF. = 2KF 4* H 2 F 2 . 

Copper is not affected by the pure acid; it is, however, attacked by 
the aqueous solution. Anhydrous hydrogen fluoride can also be 
obtained by passing dry hydrogen over dry silver fluoride. 

Properties 

Anhydrous hydrogen fluoride is a limpid liquid which fumes strongly 
in air It is very poisonous and dangerous to manipulate. It forms 
ulcerated sores if a drop comes in contact with the skin. The metals 
potassium and sodium dissolve in the pure acid, forming the correspond¬ 
ing fluorides and hydrogen. The liquid acid boils at 19-4 C ; it does not 
freeze until cooled to about -102° but the cryst* Is melt at -83°. 
Hydrogen fluoride is very soluble in water, torming a corrosive liquid 
which readily dissolves many metals with evolution of hydrogen, e.g., 
iron, silver and copper If the acid be more concentrated than about 
36 per cent., it will become weaker on boiling; and if more dilute, 
the acid becomes stronger on boiling until an acid containing about 
36 per cent, of H 2 P 2 , boiling at 120°. is formed. This distils unchanged 
in composition. 

Hydrofluoric acid is a weak acid, weaker than phosphoric acid but 
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stronger than nitrous acid. The Th a " h ^^^ te Tf c T b pf g eT9fa^ 

rswir.ssss- *&+&%**^*«- 
ta srsssrs« *<«-* 5 jsts 

(e.g., glass) is interesting and important \ Qn tetrafluon ^ de 1S formed, 

^^ s prf«'.rsrhV»u^ e «*~» k~ -•» ■<» 

fom, hytoBo.su,^ ^ + ^ 

SiF 4 + H„F t = H,SiF e . M 

^tsw.=s3&.va&. 

D ™ - --si 

e.g., for making the scales on g ,ass " he ga^ In the former 

w?th the gas or with an ^“e and dull; In the latter case, shining 
case, the etching appears opaque and ciu . 

and transparent. Manufacture ot artificial cryolite 

Hydrofluoric acid is used for ^ (;n5) and it is a | so employed 

for use in the aluminium tndustn (I * silica- In the dyeing 

for freeing artificial graphite (pag< • • the a | ka ij me tals are now 
industry, double fluorides of .an i Jn the sp i r it and brewing 

used as mordants in place of t« » , r as an antiseptic since 

industry, hydrofluoric ^'^'g^'compared with its action on other 
its effect on yeast is very *na ' iron castings from sand, for 

organisms. It is also employed fr ^ ^ reC ommended for cleaning 
removing silica from canes an • ( hydro fluoric acid on 

E U* <>f siliceous mineral. 

Composition and Formula of h "^“,"“Jd^c n necessary to form 
G. Gore (1870) measured thi fluoride at 100 f . and found 

hydrogen fluoride when hc * t0 .' ncar i y -J00 volumes of hydrogen 

that 100 volumes of hydrogen giv« O ncjI > 
fluoride. On the basis of the equation. 

H s + 2AgF = -‘HI- + 2Ag 

this indicates the formula HF at _ ly but as the tempera- 

The vapour density at ' n {j| at 88° it has fallen to 10-20. 

ture is raised, it diminishes st >rmu la HF. Hence, at lower 

This number corresponds w i ted xiie effect of hydrogen 

temperatures, hydrogen fluoride is associated. 
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fluoride on the freezing point of water corresponds also with a molecule 
H 2 F 2 , and this is the formula usually adopted, since it is also in agree¬ 
ment with the fact that acid salts (e.g., KHF 2 ) are readily obtained. 
The most probable explanation of the facts mentioned seems to be, 
however, that the pure liquid (and the vapour at the boiling point) 
contains molecules in various degrees of association, at least up to 
H 3 F 3 ; the concentrated solution consists mostly of H 2 F 2 molecules; 
dilute solutions and the vapour above 88° are mostly composed of HF 
molecules. 

Fluorides 

The salts of hydrofluoric acid are the fluorides and in many ways 
resemble the chlorides (q.v.). The principal differences are the forma¬ 
tion of acid fluorides (e.g., KHF 2 ) and complex salts (e.g., Na 3 AlF 6 ), 
the solubility of silver fluoride and the insolubility of calcium fluoride. 
(Silver chloride is insoluble and calcium chloride is very soluble.) 

Detection and Determination 

In testing for fluorides, the substance under examination is warmed 
with concentrated sulphuric acid in a leaden vessel covered with a 
watch-glass. 1 he watch-glass is coated with wax, and a design is 
scratched on the wax with a pin or knife, so as to expose the glass to 
the action of the acid. The wax is afterwards removed, and if the design 
is etched on the glass, fluorides were present. 

I he standard method for the estimation of fluorides has been to 
precipitate the fluorine as calcium fluoride, by addition of calcium 
chloride solution to a solution made from the substance under examina¬ 
tion. More recently, however, new methods have been developed in 
which the fluorine is precipitated as lead chlorofluoride (PbCIF), the 
process having the advantage of greater accuracy over the old method, 
as well as being applicable cither gravimetrically or volumetrically. 

§ 4 Oxygen Compounds of Fluorine 

Until fluorine was believed to be incapable of forming any 

compound with oxygen, but three oxides, F a O, F 2 0 2 and FO, have 
now been described and fluoratcs are also thought to have been made. 

(Di)Fluorine monoxide, F a O, was obtained by Lebeau and Damiens 
(1919) by passing a tine stream of fluorine through a 2 per cent, solution 
of sodium hydroxide: 

2NaOH -f 2F., = 2NaF + F 2 0 + H 2 0. 

This reaction should be compared with that of chlorine in which 
sodium hypochlorite and chloride are formed (page 511). (Di)fluorine 
monoxide is described as a gas with an irritating odour, which does not 
attack glass and is a powerful oxidizing agent. Unlike chlorine monoxide 
it does not explode under any conditions. 
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Difluorine dioxide. F.O,. s said to be 

discharge on a mixture of rtuorme and ox>gcn a P to R u ff a nd Menzel. 

of liquid air. It is said to be a brown to . l0l) >. 

§ 5 Chlorine 

H> cZ m teas tn. isolated b, Scheo.e 

manganese dioxide on h >. dr ® ch ^ r ‘ the overthrow of the phlogiston 
dephlogisticated marine acid ?”/ ca , k . d oxvmunatic acid (muriatic 

theory by Lavoisier, it was for a t - . . w t | ien |^ n0 wn). 

acid being the name by which h\ - . s j ef j iad thought that 

It was believed to contain oxygen. ^ ^ nature of chlorine and 
all acids contain oxygen. I In h ^ emonst rated 

hydrochloric acid was name chlonne-from the 

SJtSS’ (ST). «' “• ‘°'0" r 

°'~ docs not occur free 5S 

in immense quantities. Among salt—sodium chloride—NaCl. 

pounds may be mentioned c o , rock salt an d potassium 

which is found in the sea and i • n chloride (carnallite) oi 

chloride (sylvinc) and potassium magnesium cm 

theStassfurt deposits. ma &nesium and sodium salts 

The remarkable deposits ol pot. SaxoIiy , may be very 

in the country around Stas. 1. d diagrammatically in 

roughly divided into four strata, musirai 
Fig. 22.2. 

/•Surface soil 

Capping! Cay "hales . • 

rocks | Ro ck salt 

LGypsum and anhydrite 
’(4) Carnallite bed 
(3) Kicscrite l>ed 
(2) Polyhalitc bed . 

^(1) Hock salt bed • • --- 

r- Section ol a I’art ot the Stasslurt Salt Bed 

Flo. 22.2 —Diagrammatic Geological secuo 

(1) Rock salt bed.-A* Jjjmenie / tJ> ^ F CaSo“ P * 

lai S P^W^ tC L V <f -A^ve the basal salt is a layer of rock salt. 
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sometimes 200 feet thick, mixed with bands of magnesium chloride and 
polyhalite —2CaS0 4 . MgS0 4 . K 2 S0 4 .2H 2 0. 

(3) Kieserite bed. —Resting on the polyhalite bed is a layer of rock 

salt, sometimes 100 feet thick, mixed with layers of kieserite _ 

MgS0 4 . H 2 0—and other sulphates, about 1 foot thickness. 

(4) Carnallite bed. —Finally comes a reddish layer of rock salt asso¬ 
ciated with masses of kainite— K 2 S0 4 . MgS0 4 . MgCl 2 .6H 2 0; carnallite 
—KCl.MgCl 2 .6H 2 0; and a few other salts of magnesium and potas¬ 
sium, e.g., sylvine —KC1 and leonite— MgS0 4 .K 2 S0 4 .4H 2 0. 

These deposits are capped by layers of gypsum—CaS0 4 .2H 2 0—and 
anhydrite—CaS0 4 ; rock salt; bunter clay shales; and finally the 
surface soil. In addition to gypsum (CaS0 4 .2H 2 0), anhydrite (CaS0 4 ), 
and rock salt (NaCl), the principal salts found in the Stassfurt deposits 
are: 


Sylvine 
Carnallite . 
Kieserite . 
Schonite 
Kainite 
Polvhalite . 


KCI 

KC1. MgCI t . 6H a O 
MgS0 4 . H,0 
MgS0 4 .K a S0 4 .6H t 0 
MgS0 4 . K a S0 4 . MgCI,. OH 2 0 
MgSO,. K a S0 4 .2CaS0 4 .2H t O 


along with several other salts of lesser importance. These deposits 
were the subject of extensive investigation by J. A. van't Hoff and 
his pupils in the light of the Phase Rule (page 159). 

It is generally thought that the Stassfurt beds are of marine origin* 
and have been formed by the natural evaporation of water, during 
countless years, in an inland prehistoric sea, probably communicating 
with the ocean by a shallow bar. The sea must have been intermit¬ 
tently replenished by water bringing in more salts, as could occur when 
drivvn over the bar by high tides and gales; there must also have been 
a number of geological elevations and depressions to account for the 
succession of strata. The order in which salts are deposited from 
the evaporation of sea-water is very nearly the same as the geological 
succession observed at Stassfurt. Neglecting the calcium sulphate, 
the evaporation of sea-water furnishes successively: (1) a deposit of 
sodium chloride; (2) sodium chloride mixed with magnesium sulphate; 
(3) sodium chloride and leonite; (4) sodium chloride, leonite, and 
potassium chloride, or sodium chloride and kainite; (5) sodium 
chloride, kieserite, and carnallite; (6) sodium chloride, kieserite. 

carnallite. magnesium chloride; and (7) the solution dries without 
further change. 


§ 6 Preparation and Manufacture of Chlorine 

Chlorine is readily obtained either: 

(i) by oxidation ’of hydrochloric acid, or 

(ii) by electrolysis of sodium chloride. 

The oxidation method was formerly employed almost exclusively, 
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being the oxidizing agents most often used. 

With manganese dioxide, 
the apparatus indicated in 
Fig. 22.3 is used. 

Manganese dioxide is 
placed in the flask and con¬ 
centrated hydrochloric acid, 
sufficient to cover it, is 
added through the thistle 
funnel. The mixture is 
heated and the chlorine 
formed is collected by 
downward delivery, since 

it is soluble in water It .Preparation oi Chlorine 

may previously be pa*>™ Fio M ‘ nese Dioxide 

through a little' water (to 

remove hydrogen chloride) su i„hunc acid. The reaction takes 

and dried by means of concentrated suipnun 
place in two stages, represented by the equations. 

2 MnOj + 8HCI = 2MnCl :l + Cl= + 4H 2 0 
2 MnCl a = 2MnCl. + ( - l s- 

■ thi. rnltl the second only on warming. 
The first stage takes place even ( i iox ide and concentrated 

A mixture of sodium chloride , \ . o , hydrochloric acid and 

sulphuric acid is sometimes use ‘ manganese dioxide. 

Hydrogen chloride is 
first formed (page 502) 
and this then reacts 
as above. 

The use ot potas¬ 
sium permanganate to 
oxidize hydrochloric 
acid is convenient 
since external heat is 
not required, and so is 
often employed. I he 
apparatus shown in 
Fig. 22.4 may be used. 
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the permanganate being placed in the flask and the concentrated 
hydrochloric acid added through the tap funnel. The reaction is 
represented: 

2KMn0 4 - 1 - 16HC1 = 2KC1 + 2MnCl, + 5C1 2 + 8H 2 0. 

Another very convenient laboratory method for the preparation of 
chlorine is by the action of an acid (usually hydrochloric acid) upon 
bleaching powder (q.v. page 513). The apparatus of Fig. 22.4 is 
again suitable. 

CaOCl 2 + 2HC1 = CaCl 2 + Cl 2 + H 2 0. 

Manufacture of Chlorine 

Chlorine was formerly manufactured on a large scale by the oxidation 
of the hydrochloric acid produced in the Leblanc process for the 
production of sodium carbonate (page 581) but almost the whole of the 
world's total chlorine output is now made by the electrolysis of brine 
which produces sodium hydroxide, chlorine and hydrogen at the same 
time. 

The principal oxidation processes were those associated with the 
names of Deacon and Weldon, but both have long been obsolete. 

Deacon’s process utilized air as the oxidizing agent by passing a 
mixture of air and hydrogen chloride through vertical cylinders contain¬ 
ing pieces of porous earthenware impregnated with cuprous chloride, the 
temperature being kept at about 400°. The final reaction may be 
represented: 

4HC1 + 0,(4- Cu 2 Cl 2 ] = Cl 2 + 2H 2 0[+ Cu 2 C1J. 

It is supposed, however, that the reaction takes place in stages, viz., 

(i) 2 Cu.,C1 2 -f- O, = 2CuoOCl., 

(ii) Cu 2 OCl, 4 - 2HC1 = 2CuCl, 4- H 2 0, 

(iii) 2CuCl 2 = Cu ? CL 4- Cl 2 . 

Weldon’s process used crude manganese dioxide, in the form of the 
mineral / iyrolusite . to oxidize the hydrochloric acid thus reproducing, 
on an industrial scale, the laboratory method described above. The 
essential feature of the method, as applied technically, was the recovery 
of the manganese dioxide, the method of recovery used being due to 
Weldon. 

The hot residual liquoi. consisting largely of manganous chloride, 
was treated with excess of milk of lime, and air blown through the warm 
mixture for some hours When the suspended solid was fully oxidized 
(the presence of a base i> necessary for the oxidization of the manganese 
by air), it was allowed to settle out and used (in this form known as 
Weldon mud) for the oxidation of more hydrochloric acid. The reactions 
which take place have been said to be: 

MnCI, 4- Ca(OH) t = Mn(OH), 4- CaCL 
2Mn(OH), 4- 2Ca(OH ) 2 4- O* = 2CaO\MnO* 4- 4H,0. 

calcium 

manganite 
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ir^sssa'BfiS! “S ,u • 1 “‘ hl “ 01 

the hydrochloric acid is wasted as calcium chlond . 

■ass—-m.tirwsxs&s 

a sSS: a kst set a £ 

chlorii might almost be >b~gbt <>1 - * »d"'h..^V 

certainly) since of recent years thc ,-hlorine that the disposal 

creased so much more rapidly than that for chlorine that m v 

of the latter has become a problem. .. 

The actions which take place may be represent . 

NaCl = Na- + Cl 
2Na* + -H..0 = 2NaOH + H 2 f 

cr + cr = ci s t . .. 

. . —, ♦,-* come method of separating the 

In practice, it is necessary to de is preventing the sodium 

caustic soda from the sodium chloride "‘^^“oftpecial types 
hydroxide and chlorine from mixing. Hi nee tne use i 

of cell. . , . 

Two main types of cell haveJjt*” “ b eiween the anode and cathode ; 

(i) cells having a porous .. lt hode 

(ii) cells using a mercury diaphragm 


" TZSZZrJfL bodying .bo gomus diaphragm principle ^, 
been devised, but for the most part t \e\ Salt * 
do not differ in principle. A tyiuca Solullu „ 
example of such a cell is the Gibbs ce . _ 
used extensively both in this country an 
in America (Fig. 22.5). In this cc c 
anodes (a ring of carbon rods) are sepa - 
ated from the cathode (which is a cy uu c 
of iron gauze) by a diaphragm mac e 
of asbestos paper. I he brine solu ion, 
heated to 85°. is introduced continuously 
in a slow stream into the anode com 
partment and caustic soda solution c rips 
out from the bottom of the cathode Fig. 2 t.ft.-G.bb> Cell 

compartment, and is evaporatec (sec anode and is led 

page 578). The chlorine escapes from the top of the anode ana 

off through earthenware pipes. 

M 7Z dW b Ih. Kellacr-Solvay C». 



Caustic 

S'uia 

Solution 
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trated in Fig. 22.6. It uses graphite anodes and a mercury cathode. 
A layer of mercury covers the bottom of the cell through which it flows 
slowly. A solution of sodium chloride flows through the cells. Sodium 
ions are discharged on the mercury instead of hydrogen ions on account 
of the high overvoltage of the latter (cf. page 209). The sodium thus 
dissolves in the mercury, at the cathode, and the chlorine liberated at 
the anodes escapes via the exit pipes. The sodium amalgam then 
flows out of the cell into a vessel containing water and there, coming 
into contact with metallic iron on which hydrogen has only a low 
overvoltage, is immediately decomposed into sodium hydroxide and 
mercury, and hydrogen is evolved. 


ANODE LEADS 
CARBON ANODES \ f 
SPENT BRINE ^ 


CHLORINE MAIfy 


?] SATURATED BRINE 
• r——« / IhJl FT 


ffSODIuTT 
AMALG/ 


WATE 

INLET 



. l/TLET TO 
CONCEN¬ 
TRATORS 


Fig. 22.G.—Kcllner-Solvay Cel. 

In earlier forms, the cell was given a slow rocking motion by means 
ot an eccentric so as to make the mercury flow from one compartment 
to another; but in later types the cell is stationary and the mercury is 
moved by means of an archimedcan screw. The disadvantage of this 
type of cell is the heavy capital cost of the mercury required, but the 
caustic soda is of superior purity. 

I he chlorine manufactured by any of these processes may be used 
for the preparation of bleaching powder or other chemicals, or it may 
be liquefied by compression into steel cylinders and sold in this form.’ 


§ 7 Properties of Chlorine 

( hlorine is a yellowish-green gas with an irritating and suffocating 
smell. It attacks the membrane of the throat, lungs and nose and’ 
causes serious injury’ even at high dilutions. It is thus a very poisonous 

0n,, F about tvvo and a half times as dense as air and so is 
the densest of the common elementary gases. It is readily liquefied and 
forms a daik greenish-yellow liquid which boils at -34-6° at atmo¬ 
spheric pressure. The liquid, contained in steel cylinders (which are not 
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attacked by dry chlorine), is an article of commerce. Chlorate is 
soluble in water 7 1 volume of water dissolving 4 01 \olumes of the |as 
at 0°, and ^6 volumes at 20°. It is also soluble in carbon tetrachlor.de 

and this solution is used as a reagent. ... venter has 

The solution of chlorine in water, known as chlorine water, has 

the colour, taste and smell of chlorine. If chlorine water be cooled to 
0 °, yellow octahedral crystals of chlorine hydrate :f JsuUK been 
formulae have been stated for this substance, , e jv CS off 

taken to be Cl s .8H s O. When warmed c, ' lon " C ,^ d / onsea u e nce of 

approximately 100 times its volume of chlorine, Houefaction of 

this property it was used by Faraday m 1823 for the liquefaction ot 

Ch T°hTye^w e cofour of chlorine water ^ually disappears ^landing. 

and if exposed to sunlight the solution | -j ^ through the 

is owing to the formation of hypochlorous acid (page oil), through 

interaction of the chlorine and water. 

Cl a 4- H.,0 ^ HC1 + HOC1. 

Hypochlorous acid decomposes readily in sunlight, forming hydro- 
chloric acid and oxygen: 

2HOC1 = 2HC1 + Oj. 

Thoroughly dry chlorme .ssomeuhat d^iot combine 

but as ordinarily obtained it is V l Although compounds with 
directly with oxygen, n. rogen or car other non-metals 
all three can be obtained indmcth) , nhosohorus and 

it does so readily. Mans. of 

arsenic, bum vigorously in cnionm . _ 

compounds with the other halogens y .• » i,, interesting 

The interaction of chlorine and hydrogen ,. particularly 

and has been the subject of a great man> , vokmu-s of 

when exposed to the light of burning s hvdrocen does 

hydrogen and chlorine velocify in the 

not appear to combine with cnionm i 1 , • tn f orm hvdrocen 

dark, but in diffused daylight the two s ow \ 1 ^ intensity of 

chloride. The speed of the reaction is proper i°na to 

the light. Hence, actinometers have o( a mixture of 

intensity of light in terms of th. through a layer of 

hydrogen and chlorine gases. ” ll k*' ■ G f hydrogen and chlorine, 
chlorine gas before it impinges on the • Elated chlorine rises 

the light produces no appreciable «ect. ^ filtMVll 

slightly in temperature, even whi i tJ h . ( > a that aclinic (/,*/,0 
from the incident light. It is mu > thermal etterev If 

n<r * fns, zss, %«.<*. 

(J. W. Mellor. 1902). The presence of ™ "“^Slble wav 
the gases retards the rate of combination 
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Thus a mixture of fairly pure hydrogen and chlorine, when exposed 
to diffused daylight, exhibits an induction period during which no 
reaction occurs, and after which the gases begin to react and continue 
to do so steadily until combination is complete. This induction period 
has been shown to be caused by the presence of traces of an inhibitor 
(nitrogen chloride, NC1 3 , according to D. L. Chapman—1906) which is 
slowly destroyed by light, so that combination of the hydrogen and 
chlorine does not take place until the inhibitor has been completely 
removed. 

With the exception of some of the scarcer platinum metals (page 879) 
all metals are attacked by free chlorine. Many, such as antimony, 
copper, tin, zinc, magnesium, alkaline earth and alkali metals, bum 
brightly in the gas; the compound formed being the highest chloride 
unless this is definitely unstable. 

Hydrides of non-metals react with chlorine giving, as a rule, hydrogen 
chloride, together with either the non-metallic element itself; or a 
chloride of the non-metal: 

H 2 S + Cl 2 = 2HC1 + S 
2S + Cl 2 = S 2 CL. 

Ammonia yields nitrogen, or nitrogen trichloride according to the 
conditions (page 411). Hydrocarbons react readily with chlorine; 
some, c.g., turpentine, inflame spontaneously, carbon being deposited. 
Others when ignited react similarly, e.g., 

CH, + 2C1 2 = 4HC1 + C. 

Chlorine readily displaces bromine and iodine from their compounds 
with metals, e.g., 

Cl 2 + 2KBr = 2KC1 + Br 2 . 

Moist chlorine, or chlorine water, is a powerful oxidizing agent. 
Mention has been made (page -199) of the action of chlorine on water in 
sunlight, oxygen being given off ami hydrogen chloride formed. In 
presence of an oxidizable substance, this process occurs even in the 
absence of light. Thus, for example, chlorine oxidizes sulphites in 
solution to sulphates: 

Cl 2 + H..O + Na 2 SO s = 2HC1 + Na 2 S0 4 . 

Chlorine may also act as an oxidizing agent more directly. Thus 
ferrous chloride is oxidized directly to ferric chloride: 

2FeCL + CL = 2FeCl 3 , 
and hydrogen sulphide to sulphur 

H 2 S 4- CL = 2HC1 4* S 

The reaction stops at this stage if the chlorine is dilute (but see 

above). 

On account ol its oxidizing properties, moist chlorine will bleach 
many organic colouring matters. If a piece of coloured litmus paper, 


22 ] 


the halogens 


501 


or a few coloured flower petals or a piece of cloth dyed with turkey re 
or indigo, be placed in a jar of dry chlorine, no appreciable ^han. 
occurs g but if moisture be present, the colours are bleached In th< 
chlorine This bleaching action of chlorine owing to oxiMi i ; "i >hould be 
compared with the bleaching action of sulphur cho^e nlnch i c ^ 
by reduction (page 459) and which therefore is markcdl) ditkrent 

character. 


§ 8 Uses of Chlorine 

The uses of chlorine are many, although the demand for caustic 
soda (page 580) has increased so much of late that the supp > o <- onnt 

"iSi*. ol bleach,„p powder 

rs srtrszisr* s? A-fa^ai - 

and hypochlorites (page . -) . . t ^ s an( j f or the purification of 

of drinking water, and ini svumn ' | .. „ alu niinium before 

SHE i&KS Sin r .winu<a^u.ed by comb.. «•**» 

with hydrogen (page 504). 


§ 9 Formula and Atomic Weight of Chlorine 

^ rhlorine has been determined with very 

The combining weight of chlonne nas^ ^ He obtained 

Analysis and^ernu"J 

of volatile chlonne compounds indicate that tnesc Hcnce the 

f£ * the combining we,pl.t The accepted 

v r,i p s,ES“; d. 

sponding with a molecule Cl 2 . at f g r t i s takine 

diminishes, showing that partial dissociation into atoms is taking 

place: Cl. ^ Cl + Cl. 
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Thus according to Victor Meyer, at 1400° the density (H a =■ 1) is 
29*29, corresponding to a dissociation of about 21 per cent. 

§ 10 Detection and Determination of Chlorine 

Traces of free chlorine are readily detected by the tact that chlorine 
liberates iodine from potassium iodide (cf. page 500). Free iodine gives 
a blue colour with starch—a very sensitive reaction. Hence papers 
dipped in a mixture of starch solution and potassium iodide solution 
give a blue colour when exposed to chlorine. (It should be noted that 
a number of other oxidizing agents will also liberate iodine from 
potassium iodide.) Chlorine in rather larger quantity is detected by 
its bleaching action on litmus paper. 

Free chlorine is determined by passing it into a solution ot potassium 
iodide, and titrating the iodine so liberated with a standard solution 
of sodium thiosulphate (page 531). 

The detection and determination of chlorine in the torm of chlorides 
is discussed under hydrochloric acid (page 508). 

§ 11 Hydrogen Chloride, Hydrochloric Acid, HC1 

i History 

Judging from the writings attributed to Geber, hydrochloric acid 
was known to the early Arabian chemists; but the preparation of the 
pure acid —spirit us salts —seems to have been first described by the 
author of the writings ascribed to Basil Valentine (1644) The acid 
appears to have been made by distilling a mixture oi common salt and 
green vitriol (ferrous sulphate). J. R. Glauber (1648) described the 
preparation of the acid by the action of sulphuric acid on rock salt. 
Stephen Hales (1727) noticed that a gas very soluble in water was made 
by heating sulphuric acid with sal ammoniac (ammonium chloride), 
and J Priestley, about 1772. collected the gas over mercury, and 
gave it the name marine acid air It was later renamed muriatic acid 
and. when the elementary nature of chlorine had been established, 
the name hydrochloric acid was given to it. 

Preparation and Manufacture 
Laboratory Preparation 

Hydrogen chloride is usually made in the laboratory by the action 
ot concentrated sulphuric acid upon common salt The experiment is 
performed by means of apparatus similar to that shown in Fig. 22.3, 
ihe wasli-lwutle containing water being omitted Salt is placed in the 
flask, concentrated sulphuric acid is added through the thistle funnel 
and the mixture is warmed Hydrogen chloride is evolved as a gas 
and may be dried by passing through wash-bottles containing con¬ 
centrated sulphuric acid It can be collected by downward delivery 
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HCI gas 


as shown in the diagram, or over mercury, but not over water as it 
is extremely soluble. At temperatures below a red heat, the reaction 

b " P, ““ ,ed: NaCl + H,SO, - N.HSO, + HCI. 

If it is desired to prepare a specimen of the aqueous solution pre¬ 
cautions must be taken when passing the gas into water in order o 
prevent the liquid from 
being “ sucked back ” rr- 
owing to the high solu- \ 

bility of the gas. / \ mi gas “^1 

Two methods o! doing j j 

this are indicated in Figs. / f\ J 

22.7 and 22.8 and are / J ^S 

self-explanatory. These / / 

methods can be employed I J 

in the preparation of solu- // Jl 

tions of highly soluble 11 / \ 

gases, in general. j J / 

It is often convenient j j 

in the laboratory, when // _j“_* 

the gas is required, to hyy - 

prepare it from the com- r_r 

mercial solution. This . - 

can easily be done by ^- J 

adding concentrated sul- Figs. 22 7 and 22 .*.— Anti Sue - ac evl 

chloSc acid) CO,Sained in a 

apparatus used for obtaining chlorine 1 t>* / 

wash-bottle containing water being omitted. 


Figs. 22 7 and 22 *.—Anti Suck-back Devices 


Manufacture % , . , 

Hydrochloric acid is manufactured as a by-pro* »<-«' 

of sodium sulphate from sulphuric and an< V' ... water either 
The hydrogen chloride is led off. cooled andabsorbedin ^ereithcr 

by passing up a tower filled with coke down \\ 

by means of special counter-current al*»orp *° ' an j 

Hydrochloric acid and sodium sulphate are alsci made In m sa t an 

sulphur dioxide bv Hargreaves Process ^ 

to 500° in a stream of sulphur 

mixed with excess of air and some ie . , former being 

sodium sulphite and hydrogen chloride aI T . j resu it is 

then oxidized to sulphate by the oxygen of the air. 1 he final result 

represented: 

4NaCl + 2SO, + 2H,0 + O, = aNa.SO. + 4HC1. 
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Hydrochloric acid is now being made in increasing quantities by 
direct combination of the hydrogen and chlorine obtained as by¬ 
products in the manufacture of electrolytic caustic soda (page 498). 
The combination is effected by burning chlorine in large vertical silica 
tubes or by passing a mixture of chlorine and steam over a catalyst 
consisting of active charcoal: 

2H t O -f 2C1 ? = 4HC1 4 0 2 . 

The hydrogen chloride produced is very much purer than that made 
by the older processes, and is absorbed in water by similar methods. 


§ 12 Properties of Hydrogen Chloride 

Hydrogen chloride is a colourless gas which attacks the mucous 
membrane when inhaled. It forms dense fumes in moist air on account 
of the fact that a solution of the gas is less volatile than water. In 
consequence, a mixture of water vapour and hydrogen chloride con¬ 
denses to droplets of hydrochloric acid. The gas is denser than air, 
having a vapour density of 18*23 (H 2 = 1). It is extremely soluble 
in water: 1 volume of water will dissolve 507 volumes of the gas 
at 0° and 442 volumes at 20°. In consequence of this high solubility, 
the “ fountain experiment ” described on page 402 can be performed 
with hydrogen chloride in place of ammonia. Hydrogen chloride is 
easily condensed to a liquid by pressure, and the liquid so formed 
boils at -85° at 700 mm. It freezes to a white solid which melts at 
- 111°. The gas is stable at temperatures up to 1500° C., after which 
dissociation occurs: 

2HC1 ^ H 2 4 Cl 2 . 

but is only slight at first, being only 0*8 per cent, at 2000°. 

The behaviour of aqueous solutions of hydrochloric acid on heating 
is of interest. H. E. Roscoe and \V. Dittmar found that if an aqueous 
solution of hydrogen chloride containing more than 20*24 per cent. HC1 
be heated, hydrogen chloride with but little water is given off; the 
solution becomes less concentrated. This continues until the solution 
contains nearly 20*24 per cent, ot HC1. when its boiling point attains 
tlu* maximum, 1 l() c ; any further boiling docs not affect the concentra¬ 
tion of the aqueous solution because dilute acid containing 20*24 per 
cent, of HC1 distils unchanged. Again, if an acid containing less than 
20*24 per cent, of 1IC1 be boiled, water accompanied by a little hydrogen 
chloride passes off : the boiling point of the solution gradually rises; 
and the solution at the same time becomes more concentrated until it 
contains 20*24 per cent. HC1, when the acid distils over unchanged at 
110°. Hence 110° is the maximum boiling point of hydrochloric acid 
at atmospheric pressures. Similar phenomena occur with nitric acid 
and with several other acids. 

This behaviour can be understood by reference to the curve. 
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Fig. 22.9, which shows the relation between the boiling point and 
composition of aqueous solutions of hydrochloric acid. 

It was once thought that the 
acid which corresponded with the 


maximum boiling point was an 
octohydrate—that is, a chemical 
compound of hydrogen chloride 
and water—HC1.8H.X); but 
since the composition of the con¬ 
stant boiling acid varies with the 
pressure, and since compounds 
do not vary in composition with 
changes of pressure, this is 
clearly not the case. 

Hydrogen chloride does not 
bum and is a non-supporter of 
combustion. It reacts with free 
oxygen only in presence of cata¬ 
lysts, such as the copper salts 
used in the Deacon process (page 



Fig. 22.11.—Boiling Points of Aqueous 
Solutions of Hydrogen Chloride 


496). when chlorine and water arc formed. It reacts with fluorine, which 
displaces the chlorine, forming hydrogen fiuon c . 

2HC1 4 F> = 4- Cl,. 


It does not react with other non-rnetallic elements. , a stroI1 p 

Its behaviour with metals is such as ou ( '} s solution 

acid. The gas attacks them when heated, and the aqueous solutio: 

reacts readily, usually in the cold .^ e ^ U ^h, oric aC idL and copper 
platinum metals are not attaerked by > > * ^ othcr meta ls rcact 

only reacts in presence of air or oxygen, 
forming the chloride and hydrogen, c.g., 

Zn -I- 2HC1 = ZnCl, 4 H 5 . 

If more than one chloride exists (e.g.. iron) the lower chloride usually 

The aqueous solution of by' 1 "*™ 'gacid "reacting with oxides and 
hydroxides^of* metalsTto 'form ‘salts blondes, and displacing weak 

a l f ^a^y j^y^j^^'ichrmnates^and 

chloric acid to chlorine; e.g., pproxiu . 

permanganates all act upon it in t u \ ■ , _ nf i this example has 

Nitric 6 acid will also SricanZydro- 

an interest of '. ts °' vn s,nc ‘‘“ i ™ o( 0 ne volume of the former to three 

SfaS sss StffiS 6«w “ k "“'' 
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as aqua regia—the kingly water. This name was given to it by the 
alchemists because it di-solves the very king of metals, gold. The 
mixture becomes co’oured at about 10° and evolves gas at about 30 c ; 
the action is vigorous at 90°, and at 109° a mixture of nitric and hydro¬ 
chloric acid distils over. The greater oxidizing and solvent properties 
of aqua regia as compared with nitric acid, etc., are generally attri¬ 
buted to the presence of free chlorine, the reaction being represented 
by the equation: 

HN0 3 + 3HC1 = NOC1 + Cl 2 -f 2H 2 0, 

corresponding with the fact that some nitrosyl chloride—NOC1—is 
also formed. The action is, however, probably more complex than 
this. 


§ 13 Uses of Hydrochloric Acid 

Hydrochloric acid is used in the dyestuffs industry' and for many 
minor industrial purposes. Dilute hydrochloric acid is largely used for 
purifying coke, iron ores and clay, and for regenerating the activity of 
exhausted animal charcoal, and for “ pickling ” sheet iron in the 
galvanizing and tinplate industries. It is employed in the manufacture 
of a number of chlorides, and in making pottery'. It is an important 
analytical reagent and. in the form of aqua regia, is used in making 
gold chloride which is an important photographic chemical. 


§ 14 Composition and Formula of Hydrogen Chloride 

The composition of hydrogen chloride by volume has been found by 
decomposing a measured volume of the gas with 
sodium amalgam in an apparatus such as that in¬ 
dicated in Fig. 22.10. 

The closed limb of the U-tubc is filled with dry 
hydrogen chloride at atmospheric pressure as far 
as the lower stopcock, the apparatus having been 
filled previously with dry* mercury which is run out 
through the tap as the gas enters The stopcocks 
are then closed and the remaining mercury' replaced 
by liquid sodium amalgam. The lower stopcock 
is then opened and the gas brought in contact 
with the amalgam which decomposes it on stand¬ 
ing, forming sodium chloride and hydrogen. The 
volume of gas remaining, after levelling, is found 
Fig. 22. to.--- Volume to be half that of the hy'drogen chloride taken. 

C omposition of Thus, hydrogen chloride contains half its volume of 
Hydrogen Chlondc hydrog( f n 









I HE HALOGENS 


r»07 


The composition can be determined also by synthesis, for which 
purpose the apparatus. Fig. 22.11. is used. 



Fig. 22.11.—Combination of Hydrogen and Cblonne 

One bulb is filled at atmospheric pressure with hydrogen and the 
other with chlorine, the bulbs being equal in volume, rhe apparatus 
is exposed to diffused daylight and the centre tap opened so as to allow 
the gases to mix. After some hours the greenish colour of the chlorine 
will have disappeared, and if one of the end taps be opuua UIU ^ r 
mercury it will be found that no change of volume has occurred. On 
opening under dilute potassium iodide solution similarly the solution 
will completely fill the apparatus and no iodine will be hb ' rat ^, 1,1 
this way it is shown that hydrogen chloride has been formed, and that 

no chlorine or hydrogen remains uncombined. 

These experiments show that one volume ol hvdrogcm combiins 

with one volume of chlorine to form two volumes 

This result is quoted in Chapter 4 as ^.dence that .lw hydrogen 

molecule must contain at least two atom- It „ u 

be shown to be HC1 and not H..CU then the hydrogen molecule is H, 
Hydrogen chloride is an acid in solution and hence in com on with 
all acids contains hydrogen replaceable by im talv Acids differ from 

each other in the number ot stages b\ wliuh h * ; • , 4 j 

placed (cf. page 313). Some, such as orthophosphor c .icnl can hate 

the hydrogen displaced in three stages, so forming three *'*>; 

Others, like sulphuric acid, lorm two seius o sa s. 
others the hydrogen can only be displaced in one >tv . be 

If hydrochloric acid had the formula H..C1... ■ -j 

able to displace the hydrogen in « stages. In U t. it ca onl> be 
removed in one stage-i.e.. all the hydrogen or none 
only one series ol chlorides is found Hence s 
formula for hydrogen chloride is MCI. 

§15 Chlorides 

The salts of hydrochloric acid, the chlorides, will be found described 

in the chapters devoted to the metals concerns re idilv 

Thev arc mostly well-crystallized compounds which arc readily 

soluble" in wa"r Lead chloride and palladous 

sparingly soluble, and nK-rcu^us. cuprou, ^ ^^^^^Ijosed 
chlorides are virtually insoluble I hey an • . * d ~ re 

by heat (gold and platinum chlorides are the only h »««•«»> •"<* 
relatively stable towards water, although some, such as the chlorides 
of antimony and bismuth, and elements, known as metalloids, which 
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exhibit only feeble metallic properties (page 114), give oxychlorides 
with water, e.g.: 

BiCLi 4- H 2 0 ^ BiOCl + 2HC1. 

Detection and Determination 

Chlorides are detected in solution by the formation of a white 
precipitate of silver chloride on addition of silver nitrate solution to a 
solution acidified with nitric acid. This precipitate is soluble in dilute 
aqueous ammonia, but is reprecipitated on acidifying with dilute nitric 
acid, and turns violet in light. 

A convenient method for the detection ol chlorides in the solid 
state is to heat a small quantity, mixed with manganese dioxide, with 
concentrated sulphuric acid. If a chloride is present, chlorine will be 
evolved. Further confirmation can be obtained by mixing a sample 
of the substance with potassium dichromate and strong sulphuric acid 
and warming when red vapours of chromyl chloride (page 811) are 
evolved which condense in blood-red drops on the cooler parts of the 
tube. 

The reaction with silver nitrate serves lor the determination of 
chlorides both gravimetrically and volumetrically; in the former case, 
the chlorine is weighed as silver chloride; in the latter, the volume of 
a standard silver nitrate solution required for the complete precipita¬ 
tion of the chloride present in a known volume of solution is determined 


§ 16 Oxides of Chlorine 

Chlorine forms three well-known oxides, viz.: 

Chlorine monoxide, C1 2 0, 

Chlorine dioxide or peroxide, C10 e , 

Chlorine heptoxide, C1.,0 7 . 

Two other oxides have also been described: 

Chlorine hexoxide, C1 2 0 6 , 
and Chlorine tetroxide (C10 4 ),. 

but the latter especially is doubtful. 

Chlorine Monoxide, C1 2 0 

Chlorine monoxide is made by passing dry chlorine over precipitated 
mercuric oxide (which has been previously heated to about 400°). The 
mercuric oxide is placed in a tube C cooled by water as shown in 
Fig. 22.12. Chlorine is generated in the flask A. and passed through 
water in B to remove hydrochloric acid 

Chlorine monoxide is formed and is condensed in a U-tube D im¬ 
mersed in a freezing mixture: 

2HgO + 2C1, = Hg t OClj + C1,0. 
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Fig. 22.12._Preparation of Chlorine Monoxide 


Chlorine monoxide is a pale orange-yellow gas at ^hkh bTlI* 
tures; it readily condenses to a reddish-brown liquid uhich boils at 

3-8° at 766 mm. Both 

the liquid and the gas (\ 

are very unstable, and ¥ 

mere contact with sub I To Fume 

phur, phosphorus and I Cupboard 

many carbon com- f (A B __ D 

pounds (e.g., turpen- ♦ Jt ^ 

tine) leads to decom- Ljy l I - - - - - =X ^ ,< 

position with explo- H l £ 

sive violence. The J| rk ij J|8 

liquid is readily ^ 

exploded by slight /Tq . -1—I--- — u 

mechanical shock. 22 12 -Preparation ol Chlorine Monox.de 

even by pouring from t,G * — F 

one vessel to another. vnlnme of water 

Chlorine monoxide dissolves readily in ( - hypochlorous acid 
dissolving 200 volumes of the gas at 0 . and lorms nypu 

(Page5U): HjO + CljO = 2H0C1. 

Chlorine monoxide may thus be regarded as j'by^he fact that 

The composition of chlorine monoxide »“«"*£«} it is 

when heated (with suitable precaution (ound t wo volumes of 

decomposed into chlorine and ox>ge • ‘ d l lle vapour density is 

chlorine and one volume of oxygen ar formula C1 9 0. 

43-46 (H 2 = 1) and hence chlorine monoxide has the formula 

Chlorine Dioxide, Chlorine Peroxide, CIO. 

Chlorine dioxide results when concentrated sulphuric acid 

chlorates. It was discovered in this \sa> > 

The reactions which take place are usually represente : 

KC1O3 + h 2 so a = khso 4 + g“ 0 * 

3HC10j = 2C10, -f HCIO, + H 2 0, 
the chloric acid to. formed decomposing into chlorine peroxrde and 

P "h l UtofS^ptod by .he action ol dry chlorine on silver chloral, a. 
86°-96° (King and Partington. 1926). 

2AgC10 3 + Cl, = 2C10., + O. + 2AgC . 

It is separated from the oxygen formed at t^ it is 

ing it in a freezing mixture of solidcaroon uu * 

obtained as an orange-coloured vihj a ^ unp , easant smc ll. 

Chlonne peroxide is ajedd sh ye t downward delivery. 

The gas is much denser than air, and is conecico oy 
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since it decomposes in contact with mercury, and it is fairly soluble 
in water. Water at 4° dissolves about twenty times its volume of the 
gas. When the solution is cooled to lower temperatures a crystalline 
hydrate separates—possibly as C10 2 .8H 2 0. On standing, in the dark, 


Chlorine 



Fig 22.13.—Preparation of Chlorine Dioxide 

an aqueous solution of chlorine peroxide forms a mixture of chloric 
and chlorous acids. 

2C10 2 -f H 2 0 = HC10 3 + HC10 2 . 

When the gas is cooled, it condenses to a dark red liquid which 
boils at 11°, and the liquid can be frozen to orange-coloured crystals 
melting at -59°. Chlorine peroxide is very unstable. It decomposes 
with explosive violence if an electric spark be passed through the gas, 
or if a hot wire be introduced into the gas. Chlorine peroxide also 
decomposes into its elements if it be exposed to the light. The gas is 
liable to explode suddenly, especially if in the liquid or solid condition, 
or if organic matter be present. Chlorine peroxide is a powerful 
oxidizing agent—a piece of phosphorus, sugar, or other combustible 
takes fire spontaneously in the gas. 

The composition of chlorine dioxide was first determined by Davy, 
and confirmed in 1875 by Pebal, who obtained by decomposition of the 
gas one volume of chlorine and two volumes of oxygen. This fact, 
combined with the knowledge that the vapour density is 33-65, indi¬ 
cates that the formula is CIO.,. 

Chlorine heptoxide, C1 2 0 7 , is obtained by adding perchloric acid 
(page 518) very slowly to phosphorus pentoxide cooled to - 10°, and 
after standing for a day at this temperature, distilling the mixture 

at 82*. 

4HC10, + P 4 O 10 = 2C1 2 0 7 + 4HP0 3 . 

It is also obtained by the action of chlorosulphonic acid on potassium 
perchlorate (l-\ Meyer. 1921). 

The chlorine heptoxide condenses to a colourless volatile oil which 
decomposes in a few days. It is soluble in benzene which it slowly 
attacks; it also reacts with iodine, slowly in darkness, rapidly in 
light, forming what is probably iodine heptoxide —T.O-; but it does not 
react with bromine. Chlorine heptoxide explodes in contact with a 
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flame, and by sharp percussion. It may be poured 

—paper, wood, etc-with impunity for the oil s.mply volatilizes in 

air. It reacts with water, forming perchloric acid. 



until 
melting 

Chlorine Tetroxidc (C10 4 )„ .« -— — - . • 

by Gomberg (1923) by treating silver perchlorate 

2nAgC10, + «l a = 2«Agl + 2(C10 4 ) n 

§ 17 Oxyacids oi Chlorine 

The known oxyacids of chlorine are: unr , 

Hypochlorous acid. HULl, 

Chlorous acid. Hi 10 2 , 

Chloric acid. HC10 ;| , 

Perchloric acid. HC10 4 . 

Hypochlorous Acid. H0C1 . 

It is probable that a cold aqueous solution of chlorine contains some 

hypochlorous acid: 

Cl, + H.,0 ^ HC1 + HOC1, 

since chlorine water conducts electricity, and some hypochlorous aci 

can be obtained by distillation of the ^ dilute aqU eous 

A similar reaction occurs between 
alkali, e.g.: .. ~ 

2NaOH 4- Cl, = NaCl 4- NaOCl + H 2 0. 

(If the solution is hot. chlorates are 11 ^ rI wkinu-* fresh 1 v prepared 

Hypochlorous acid can be pre-pa 1 distilling" A dilute solution 
chlorine water with mercuric oxide ana aiauimife. 

of the acid collects in the receiver. 

HgO + H.0 + ‘-C1, = HgCl. + 2HOCI. 

Hypochlorous acid is too weak an acid to react with mercuric oxide u, 

these circumstances. <n , lltion G l hypochlorous acid is 

A convenient way of preparing a 0 n bleaching powder 

by the action of dilute nitric acid or boric acid obk. ■ I 
(q.v„ page 513). The bleaching powder, when d.^olccu 

a mixture of chloride and hypochlorite. jd . 

The latter is decomposed by the mtnc (or boric ac.a 

COCH, + 2HNO, - «NOj, + ,noa ^ ^ ^ 

A dilute solution ol the acid mayb 1 «; ltion ,he cold; but 

and may be concentrated further I > dccompose on warming 

solutions of greater strength than «> 1 
into chloric (page 515) and hydrochloric a 

31IOC1 = HClOj 4- 2HC1. 
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Some chlorine is also evolved by interaction of this hydrochloric acid 
with unchanged hypochlorous acid: 

HC1 -f HOC1 = H 2 0 4 Cl 2 . 

In consequence, pure hydrochlorous acid free from water has not been 
obtained. A solid, crystalline hydrate H0C1.2H 2 0 is known. 

When warmed, hypochlorous acid solutions, in addition to the 
products named above, yield oxygen: 

2HOC1 = 2HC1 -1- 0 2 . 

This is particularly the case in sunlight and in presence of oxidizing 
agents. Thus with silver oxide: 

Ag 2 0 -f 2HOC1 = 2AgCl -f H 2 0 4 0 2 , 

or, if a little cobalt nitrate solution be added to a dilute solution of 
hypochlorous acid, oxygen is readily evolved on warming—the cobalt 
hydroxide formed acting as a catalyst (page 234). This is the basis of 
the method for preparing oxygen from bleaching powder referred to 
on page 305. 

Hypochlorous acid is consequently a powertul oxidizing agent. 
Thus, if a solution of bleaching powder be boiled for some time with a 
solution of lead acetate, puce-coloured lead dioxide, Pb0 2 , will be 
precipitated; and if boiled with a solution of a manganous salt, 
manganese dioxide, Mn0 2 , will be precipitated. More prolonged 
boiling may give a green solution of calcium manganate, or a pink- 
coloured solution of calcium permanganate. Ca(Mn0 4 ) 2 . 

The rapid decomposition of hypochlorous acid in sunlight renders it 
probable that the action of light on chlorine water results in the 
formation of the hypochlorous acid by hydrolysis: 

Cl 2 4 H 2 0 ^ HC1 4 HOC1, 
which is at once decomposed: 

2HOC1 = 2HC1 4 0 2 , 

so that the hydrolysis goes to completion, and leaves, as final products, 
hydrochloric acid, water and oxygen. 

The salts of hypochlorous acid, the hypochlorites, since they are 
more readily obtained, and more stable, are of greater importance than 
the acid itself. The principal ones are sodium hypochlorite and 
bleaching powder. 

Sodium hypochlorite is obtained m solution by passing chlorine 
into a cold, dilute solution of sodium hydroxide, or sodium carbonate: 

2NaOH 4 Cl 2 = NaCl 4 NaOCI 4 H 2 0, 

Na ,CO :t 4 Cl., - NaCl 4 NaOCI 4 C0 2 . 

A weak solution is now manufactured for disinfecting purposes by 
electrolysing a cold solution of sodium chloride under conditions which 
result in the mixing of the chlorine and caustic soda first formed. 

The salt cannot be obtained free from water as it decomposes on 
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warming, forming the chlorate and chloride (cf. the acid)>; but by the 
evaporation at a low temperature of highly coneon t rated ^\uUonsoi 
sodium hydroxide saturated with chlorine, en sta s ? . P° , 

NaOCl.CHjO (slightly contaminated with sodium chloride) ha\e 

hypochlorite, like the parent acid, has a strong bleaching 
and germicidal action, and is a powerful oxidizing agen 

Bleaching Powder, Chloride of Lime 

Bleaching power, which is now believedI to bei a mixture of calcium 

hypochlorite with a basic calcium chloride (. n < ' j. . es not 

large scale by the action of chlorine on slaked lime (quicklime does not 

react with chlorine at ordinary temperatures). 

3Ca(OH), + 20, = Ca(OCl). + CaCI,.Ca(0H),.H 2 0 + H 2 0. 

With a very dilute chlorine, such as that which was Produced by 

Deacon's process (page 496). it is nece>sar\ o c tVd bv the use 

between the gas and the slaked lime, andI th * > ctmeud b ithe ^se 

of special types of plant, such as that indicated in 1 ig. —W. 

illustrates the Hasenclever cylinder apparatus. 





Fig. 22 14.—Manufacture ol Bleachmg Powder 


It consists of six or eight boni'.'-^a 1 chVmecVc^i^which is 
above the other, each provided into the topmost cylinder, 
kept slowly revolving. Slaked lim cylinder, and so on. 

after traversing which it passes uito the next low. r c> u 

s 
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Chlorine is fed in at the bottom and passes through the apparatus in 
a direction opposite to that of the slaked lime. 

In later plant a single large rotating cylinder is used and ted with 
electrolytic chlorine diluted with air. By careful regulation of the 
temperature in different parts of the cylinder by means of water cooling, 
a bleaching powder of high chlorine content, stable in hot climates, can 
be made. 

The amount of chlorine absorbed is never so complete as is repre¬ 
sented by the equation quoted above. The commercial value of the 
bleaching power depends on the amount of available chlorine it 
contains. The amount of available chlorine depends upon the method 
of preparation, temperature, etc. 

The constitution of bleaching powder has been much discussed. 
Under very favourable conditions, slaked lime can be saturated with no 
more than 43*5 per cent, of available chlorine, and the facts correspond 
with the formula, ascribed to \V. Odling, viz.: 


Ca< 


OC1 

Cl 


and for long accepted. 

It has now been shown (Bunn, Clark and Clifford, 1035) by micro¬ 
scopic examination and by X-ray examination of slaked lime during 
the process of chlorination, that ordinary bleaching powder is a 
mixture of calcium hypochlorite, Ca(0Cl) 2 .4H 2 0 and a non-deliques- 
cent basic chloride, CaCl 2 .Ca(OH) 2 . H 2 0 in approximately molecular 
proportions. The lirst products of the chlorination are this basic chloride 
and a basic hypochlorite, Ca(OCl) 2 . 2Ca(OH).. This latter on further 
chlorination forms the hypochlorite. 

By passing chlorine into milk of lime and evaporating the clear 
solution in vacuo calcium hypochlorite. Ca(0Cl).,.4H.,0 is obtained. 
It is sold commercially under the name maxochlor and is said to be more 
stable than bleaching powder. It is also completely soluble in water 
and has a high percentage of available chlorine (usually about 74 per 
cent.) Perchloron is an anhydrous form of calcium hypochlorite which 
contains a little slaked lime so that the amount of available chlorine 
can be readily computed. The acid is neutralized by the slaked lime 
present. 

Two methods are in use tor the determination o! the available chlorine 
in bleaching powder. In the first the solution or suspension ot bleaching 
powder is treated with excess of potassium iodide solution, acidified 
with acetic acid and the liberated iodine titrated with sodium thio¬ 
sulphate solution. 

The second method depends upon the tact that sodium arsenate is 
oxidized to sodium arsenate by an aqueous solution ol bleaching powder. 
Excess of a standard solution of sodium arsenite is added to the bleach¬ 
ing powder solution or suspension, and the excess determined by 
titrating back with a standard iodine solution. The amount of available 
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chlorine is related to the amount of sodium arscnite used as in the 
equation: 

Cl 2 + Na 3 As0 3 + H,0 = Na 3 As0 4 + 2HCl - 

Chlorous Acid, HCIO, and Chlorites 

When an aqueous solution ol chlorine dioxide is treated wjt^ an a^ ^ loratc j s 
potassium hydroxide, a mixture of potassium chlorite. KUO,, ana cniora 

formed. 2KOH -f 2CIO, - KCIO, + KCIO, + H t O. 

and if sodium peroxide be employed, sodium chlorite and oxygen result: 

Na,O t + 2CIO, = SNaCIO, + O r 

The colourless, slightly alkaline solution so lormcd ^wrthou't^et.on on mdjg 
solution or on starch-iodide paper, and bei ^ aci<| HCIO,. The chlorites 
The acidified solution probably eontam^ . , s * precipitated when the 

are readily decomposed Lead chlpnte. and treated with lead 

solution of sodium chlorite is acidified * , The soluble chlorites 

nitrate. Lead chlorite at 100° decomposes 'V^r the iddrt.on ol arsenious acid, 
bleach vegetable colouring N ' |, chlorous acid has not been 

This is not the case with the hypochlor - , , thc | ca <j salt with barium 

prepared ; an aqueous solution is obtaim » J a * d Anally precipitating the 

carbonate so as to form banum ch |o nte * radually decomposes evolving 

barium as sulphate by -fifJV-HjbU* 
chlorine dioxide and chlorine: 


would be chlorine 


sHClO, =- 6ClO, + Cl, 4- -*H*° 

The anhydride corresponding xvhich lie calle<l euchlorine 

tnoxide, Cl t O,. is unknown. H ,)a *> * ’ , . , . thc act ,on of concentrated 

and which was at one time believed to be £ ' hoWtfVC r. a mixture of 

hydrochloric acid on potassium chlorate 1 1 ,r ‘ nt 

chlorine dioxide and chlorine in varying propo 

§ 18 Chloric Acid, HClOj, and the Chlorates 

As mentioned on page oil ^isturr of put.lssium ddoride and 
solution of potassium hydroxid<. a nn\t I hvoochlorite is 

hypochlorite * lorntod: ^and 

SS&.1 ^SSSTJSS,’ 'ho hvi-h/ordc sol.on o»id«« 

’ tSelf: 3KOC1 = 2KCI t- KCIO,. 

Potassium chlorate is likewise obtained ^ “ 

hot (70°) concentrated aqueous solution of potassium h> drox.de 

OKOH + 3CI, = KCIO, + 5KC1 + 3H a 0. 

and the two salts-potassiuni‘ is‘far 

be separated by fractional b |l,/ , com .o, )() ndiiig chloride 

iwsr sezsrs™ 

5 Tteoli'”", ciho'd ol preparation » dno to J. L. 

Gay-Lussac (1818). 
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Potassium chlorate can be prepared in the laboratory in this way* 
but industrially this method is wasteful, since five-sixths of the 
potassium hydroxide used is converted into potassium chloride, and 
so a modification due to J. von Liebig (1842) has been used. 

A hot suspension of slaked lime in water is substituted for the 
potassium hydroxide solution, when the reaction may be represented: 

6Ca(OH) 2 + 6CL = Ca(C10 3 ) 2 + 5CaCl 2 + 6H 2 0. 

The clear solution of calcium chlorate and chloride is concentrated a 
little by evaporation, and a slight excess of potassium chloride is 
added. Potassium chlorate has but one-tenth the solubility of the 
corresponding calcium salt, and is far less soluble than the two chlorides; 
hence by a further concentration of the solution, the least soluble 
potassium chlorate separates. The potassium chlorate so obtained is 
purified by recrystallization. 

This old process has now been largely replaced by the electrolytic 
process. Solutions of potassium chloride of about 25 per cent, strength 
are electrolysed at 70°-75° in iron cells with iron cathodes and graphite 
anodes under conditions which result in the products being mixed. This 
is brought about by the use of special types of cell, one of which is 
indicated in Fig. 22.15. 


Anodes 



Fig. 22.15.—Chlorate Cell 

It consists of an iron tank, containing the potassium chloride solution, 
in which are immersed a coil of iron pipe and a series of graphite anodes 
arranged as shown in the diagram. The exposed portions of the tank 
and the cooling pipe are used as the cathode so that the normal products 
of electrolysis are formed sufficiently close together to cause reaction 
to take place between them. The initial and the end stages of these 
reactions are represented: 

KC1 + 3H 2 0 = KC10 3 + 3H 2 , 

but no doubt chlorine is first formed: then potassium hypochlorite; 
and finally potassium chlorate. A little potassium chromate or di¬ 
chromate is often added to prevent reduction of the product by 
hydrogen at the cathode. The electrolysis is continued until the solution 
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is almost saturated when it is allowed to cool and the salt crystallizes 
out. 

Sodium chlorate is manufactured similarly, using saturated common 
salt solution at 40°. When about two-thirds ol the salt has been 
converted into chlorate, the solution is evaporated. Common salt 
crystallizes out first and then sodium chlorate. 

Barium chlorate can be prepared in a similar manner to the above 
chlorates, either by electrolysis of barium chloride, or by saturating a 
hot solution of barium hydroxide with chlorine. The separa ion o 
barium chlorate and barium chloride is rather dilTicul tcause <- 

salts are almost equally soluble in water. . , u . 

Barium chlorate is used in the preparation of chlonc acid (see below), 

and in fireworks (green fire). ^ 

The chlorates are powerful oxidizing agents An exp ‘? * l t ' r 
occur if a chlorate be mixed with organic matter, charcoal ^'Iphur^ 
etc., and the mixture struck with a hammer or hea.ted- Mince 
mixtures of chlorates with such materials must not be ground to_ et.her 
with a pestle and mortar. The materials should be f‘XXAs in 
and then carefully mixed on paper with a feather. ^ Pf a drop 
contact with a chlorate may explode spontaneously Ihus d adrop 

of a solution of phosphorus in carbon disulphu t ‘ the carbon 

a little potassium chlorate, a loud explosion i occurs y^’ *• clilorate 
disulphide has evaporated. I he oxidizing a< non o p .— - . Q f 

in neutral or slightly acid solutions is greatly stimulated by traces 

osmium tetrachloride, OsCl 4 . as catalytic agent. oxveen 

The chlorates are decomposed by heat. with oi 

a reaction made use of in the common l^atory 
oxygen (page 303). In the absence ol^ a ^ at a > * 1 f orm ed * 

in two stages, the perchlorate (page «>ls) being > 

4KC10 3 = 3KC10, + KC1 
3KC10, = 3KC1 + t>0. 2 . 

With concentrated sulphuric acid chlorates c\ o1 ' , u j,j c h 

Iff 509). The he., „l the W 

" J ... k "°"" “ 

euchlorine (page 512). . Pnt-msium chlorate is one 

The chlorates are all soluble in waU • s aro recognized 

of the least soluble of the chloral vs. w* L llth ‘ \ x a f tcr ignition, 
by giving no precipitate with silver ” ‘ silver ddoride with an 

the silver nitrate will (ln)|)S Q i a solution of indigo 

aqueous solution of the residue. If a \ tms solution ol a 

m concentrated sulphuric add lx add I { sulphurous 

chlorate, and the liquid be acidified will ^ ‘reduced to a lower 
acid or a sulphite be added, the chin ‘ , the indigo. II three or 

chlorine oxide which bleaches the blue coo .. . . down the 

four drops of concentrated sulphuric acid be allowed to run clou 
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side of a test-tube containing a little chlorate solution mixed with aniline 
sulphate, a blue colour appears where the two liquids meet. Nitrates 
and iodates give a brownish-red coloration under similar circumstances. 

Potassium chlorate is used medicinally in throat lozenges. It is 
employed in the manufacture of matches, fireworks and explosives, 
as an oxidizing agent and for the preparation of oxygen in the labora¬ 
tory. Chlorates are also used in calico printing, and in the preparation 
of dyes. Sodium chlorate is used as a weed-killer and in the manufac¬ 
ture of aniline black. 

Chloric acid, HC10 3 , was first obtained by J. L. Gay-Lussac (1814). 
His method consists in treating an aqueous solution of barium chlorate 
with an equivalent quantity of dilute sulphuric acid, when barium 
sulphate is precipitated and chloric acid remains in solution: 

Ba(C10,) t + H 2 S0 4 = BaS0 4 1 + 2HC10 3 . 

The barium sulphate is filtered off and the filtrate concentrated by 
evaporation in vacuo over concentrated sulphuric acid. Solutions of 
chloric acid of greater concentration than about 40 per cent, cannot be 
obtained, as stronger solutions decompose into perchloric acid, chlorine, 
oxygen and water. This decomposition probably takes place in stages: 

3HC10, = HCIO, + 2C10* + H 2 0 
2C10 2 = C 2 + 20 2 

(see page 519). 

Properties 

The concentrated solution of chloric acid so prepared is a colourless, 
viscid liquid with a pungent smell. It readily decomposes on exposure 
to light. The solution is stable in darkness provided organic matter 
be absent. Wood, paper, etc., decompose the acid at once—very 
often with spontaneous combustion. Blue litmus is first reddened anil 
then bleached by the acid. Even in a dilute solution, chloric acid is 
a powerful bleaching agent. 

The composition of chloric acid was established by J. J. Stas by the 
analysis of silver chlorate. A known amount of silver chlorate was 
reduced to the chloride by means of sulphurous arid. His results show 
that the ratio of silver chloride to oxygen in the chlorate is as 1 :3. 
i.c., the empirical formula is AgCIO,’ The molecular weight of the 
free acid has not been determined satisfactorily, but it is inferred that 
the acid is H( 10, from the absence of any acid salts. 

$ 19 Perchloric Acid, HC10 4 , and Perchlorates 

Perchloric acid is formed when chloric acid is heated or exposed to 
light (this page): 

3HCI0 3 = Cl 2 + 20. + HC10 4 -f- H.O. 
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It is prepared by the action of concentrated sulphuric acid on potassium 

perchlorate: ^ 

2KC10, + H s S0 4 = K 2 S0 4 + 2HC10 4 . 

Potassium perchlorate is made, as indicated ab ove (pagetSJJ'ehLro- 
action of heat on potassium chlorate; it is also manfuactured electro 

lyrically (see below). potassium perchlorate is 

reduced pressure. A white crystalline niass of pe chto K a d .nono 
hydrate. HC10 4 . H .O. collects ... the receiver B > 
under reduced pressure, pure perchloric acid can be obtained^ ^ 
Perchloric acid and the perchlorates arc 1 chlorate 

electrolysis of chloric acid and chlora es ^ ^ when 

is not directly oxidized as was once thought Jt the 

the chlorate ions are discharged at * • t nerchloric acid, 

water forming chloric acid which 4 ^1°ab ov ^e The oxygen oxidizes 
chlorous acid and oxygen as indica that the liutla l and final 

the chlorous acid back to chloric acid, so that tne 

products may be represented : 

2KC10 3 + 2H 2 0 = 2KC10, + 2H„. 

It has been observed empirically that a trace of potassium dichromate 

gravity 1-764 at 22 boil* at H f solid If a drop of the 

mm and freezes at -11- ■' > of wood . instantaneous and 

acid be brought in contact tlu . ac jj bo brought in contact 

violent inflammation occurs. lfatl! 1 Perchloric acid produces 

with charcoal, a violent expj^ion occurs. I ^mor^ ^ ^ 

senous wounds in contact with t • . ia||v bocome darker and 
ordinary pressures, the liquid rna > h * espi . c iallv in presence of 
darker in colour, and finally explode « carbo ' n . The pure acid is also 
even small traces of organic matte ‘ standing some days, 
said to be liable to darken and o a hissing sound. 

When dropped into water, the two combine 

and the evolution of much heat: 

HCIO. + Aq - HClO.aq + 20-3 Cals. ^ 

Perchloric acid forms five hydrates cijntainilv rcspe > adding 

and 3-5 molecules of water rh %X bS i appear This hydrate 
water to the pure acid 

melts at 50 , and freezes at th trite( i than 71 G per cent, 

needle-like crystals. Solutions more conccn trated solutions lose 

HC10. lose HCIO, when d.sldlc^.audkss concern ^ q( HC1Q< 

water. The “ constant boiling acid fl , mIX)S jtio„. It fumes slightly 
boils at 203°. and distils unchanged in composition. 
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in air, and may be preserved indefinitely, even in light. Perchloric 
acid slowly volatilizes at 138° without decomposition. 

Perchlorates 

An aqueous solution of perchloric acid reddens litmus, and forms 
salts—perchlorates—where the radicle “ C10 4 " is univalent. Hence 
perchloric acid is monobasic. While a dilute aqueous solution of 
perchloric acid reddens litmus, dilute aqueous solutions of chloric and 
hypochlorous acids bleach litmus. The potassium salt is one of the 
least soluble perchlorates. It is practically insoluble in absolute 
alcohol. When perchloric acid is added to an alcoholic solution of a 
soluble potassium salt, potassium perchlorate is quantitatively precipi¬ 
tated. The weight of potassium perchlorate so obtained enables the 
amount of potassium in the given solution to be computed. Unlike 
the chlorates, the perchlorates are not decomposed by concentrated 
hydrochloric acid; nor do they yield an explosive gas when warmed 
with concentrated sulphuric acid. They are not reduced to chlorides 
by sulphur dioxide; and they require a higher temperature for their 
decomposition than the corresponding chlorates. Potassium per¬ 
chlorate in aqueous solution is quantitatively reduced to the chloride 
when boiled in the presence of neutral ferrous hydroxide and titanous 
salts. Sodium perchlorate as well as sodium chlorate occur with sodium 
nitrate in native Chile saltpetre. 

The composition of perchloric acid has been found by preparing pure 
potassium perchlorate from the acid, decomposing a known weight by 
heating and weighing the potassium chloride remaining. The com¬ 
position of potassium chloride being accurately known, it is thus 
possible to determine the ratio of potassium chloride to oxygen. The 
results indicate that this is as 1: 4 and hence the empirical formula 
of the acid is I1C10 4 . It is inferred that this is also the molecular 
formula since no acid salt of perchloric acid is known. 

§ 20 Bromine 

History 

Bromine was discovered by A. J. Balard (1820) by the action of 
chlorine on the residues remaining after crystallization of salt from the 
water of the salt-marshes of Montpellier. The intensely yellow liquid 
was extracted with ether, the extract treated with potassium hydroxide 
which destroyed the colour, and then evaporated when a white solid 
was formed. This resembled potassium chloride, but. unlike the 
chlorides, when heated with manganese dioxide and sulphuric acid it 
furnished red fumes which condensed to a dark brown liquid with an 
unpleasant smell. Balard called this substance " muride.” but after¬ 
wards changed the name to " bromine "—from the Greek ftpcoiios 
(brovios). stench. Balard demonstrated the elementary' nature of 
bromine, and showed its relation to iodine and chlorine. 
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T von Liebig evidently had a sample of bromine in hi? hands some 
years previously, but believing it to be iodine chloride (page o30), paid 
little attention to it. 

Occurrence .. . 

Bromine does not occur free in nature. Small 
combined in many silver ores; and it occurs associated pota^iu^. 

sodium, magnesium, or calcium in main mm< ‘ l \VooclIiaU Spa 

,.g ,h, Congress and ExcoU.o. j^Te’on, “n ^ 

and sea-water. The water of the Atlanti - f nt • the mineral 

cent, of bromine; the water of the Dead Sea. min 

water of Ohio, from 3-4 to 30 per cent, of * n roc j. ^\ x 

Bromine is also found in marine amnu > . I ‘ *” indirectly 

human urine, and all coinnu-rcial ^‘ V j^^.dine deposits of Stassfurt 
derived from sea-salt or Stassfurt salt*. 1 

contain about 1 per cent, of magnesium jronuc c. f unn erlv drawn 
The main supply of the bromine of commerce d 

from the Stassfurt deposits, and from ‘ bIing''produced from 

other parts of America ; large quantities arc no'' '"f ‘ tef 
the salts present in the Dead Sea, and fioni o ‘ 

Manufacture . , 

The mother liquors remaining after Xmosit*" contain about 

chloride from the carnallite of the ... * These liquors are 

0-25 per cent, of bromine as chlorine is passing, 

allowed to flow down a tower up "Inch a 

The chlorine displaces the bromine. 

Which off . vapour and h comic,„cd i„ an earthenware cod 

"S^aUrmcthod is by clectrotysi, .1 the »- mother liquor. 

using carbon electrodes. , . t » electric current 

The magnesium bromide is c i 1 iori,io were formed it would 

before the magnesium chloride, for if an > chi on m ^ Iulicated . lt is 

at once decompose the magnesium 

thus possible and practicable to separa 1 jcan ant] Uoad Sea plants. 
Similar methods are emplo>ed in tl • chlorine is removed 

The bromine is purified by ^ ,s *' brmnide m bv collecting 

by distillation from calcium or fo ccn , of distillate in the 

separately in a receiver the first I to o( c)llorino an d bromine. 

a volatile compound or •« ri . d i s ,i|| c d off concentrated 

If anhydrous bromine be needed it n • must , JC remoV ed by treat- 

sulphuric acid. If iodine be present. precipitated, 

ment with « copper “'' f ^d^mtn.no'r hr.e.eue durmc the put lew 

wirrast—« ^ i- ■*“ " d 
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to the initiation of schemes for extracting bromine from sea-water and 
a successful plant, producing 15,000 lb. of bromine per day, is now in 
operation at Cape Fear, N. Carolina. The bromine is displaced by 
chlorine (as in the above methods) after acidification of the sea-water, 
and is then removed by a current of air, being finally absorbed in 
sodium carbonate solution in towers on the counter-current principle: 

3Br 2 + 3Na 2 C0 3 = 5NaBr + NaBr0 3 -f 3C0 2 . 

The bromide-bromate mixture is acidified with sulphuric acid and 

5NaBr + NaBrO a -f 3H 2 S0 4 = 3Na 2 S0 4 -f 3Br 2 + 3H 2 0 

the bromine removed by steam and condensed as in older methods to 
the liquid. 

Properties 

At ordinary temperatures, bromine is a dense mobile reddish-brown 
liquid—specific gravity at 0°, 3T883. It freezes to a yellowish-brown 
crystalline mass at -7*2 C , and boils in air at 58-8°. It is very volatile, 
and gives off a dark reddish-brown vapour at ordinary temperatures. 
Bromine separates in the form of carmine-red needle-like crystals 
when a solution of bromine in carbon disulphide is cooled to -90°. 
The solid is almost colourless when cooled to -252°. Bromine has a 
disagreeable irritating smell, and it attacks the eyes as well as the 
mucous membrane of the throat and nose. It is poisonous, and attacks 
the skin, producing troublesome sores. 100 grams of water dissolve 
4*3 grams of bromine at 0°, and 3-2 grams at 20 c Bromine is also 
soluble in chloroform, carbon disulphide, alcohol, ether, and acetic 
acid. \\ hen bromine water is cooled to 0°, it forms bromine hydrate, 
Br 2 .10H 2 O. 

Bromine resembles chlorine in general chemical properties, but is 
not quite so energetic. It only unites slowly with hydrogen in sunlight, 
or when heated. It reacts with sulphur, phosphorus, arsenic, tin and 
other metals in a similar manner to chlorine (page 500), forming the 
corresponding bromides. Like chlorine, bromine is an oxidizing 
agent; it differs from chlorine in that it does not react with water, yet 
if a substance be present capable of undergoing oxidation, hydrogen 
bromide is formed and the oxygen of the water is available for oxida¬ 
tion. It reacts with aqueous solutions of the alkalis like chlorine, 
forming hypobroniitcs and bromates. It has bleaching properties 
similar to those of chlorine, though it is less vigorous as w'ould be 
expected from its general behaviour. 

Uses 

Bromine is used in photography, and the chemical industries. It is 
also used as a disinfectant, for which purpose it is sold under the name 

bromum solidificatum,'’ which is kieselguhr—a siliceous earth— 
saturated with bromine. Bromine is also used as an oxidizing agent. 
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It is an important raw material for the mannfactnre of d yestuffs and 

being eliminated from the cylinder as lead bromide. 

Atomic and Molecular Weights * 

The combining weight ^“IiLoi^v^hrsynthesb*of silver 
accuracy by Richards and Baxter (190 ) y bromide They 

bromide, and by converting silver chloride into discussed 

obtained the value 70-017. Considerations similar to hose d.scu « 
in connection with chlorine (page oOl) indicate tnai mis 

atomic weight. , . ht,Hrnhromic acid bv Moles 

A determination of the density, etc., , 79-92 The value 

by the limiting density method leads toJis 79 910 
accepted by the International Atomi #u = l), and 

At about 100° the vapour density of bromine is 8-Mi5 (H, ^ 

at 228° it is 79-6, corresponding w'ththemol 1 ^ that the 

vapour density is but two-third* of ts value 
molecule is probably dissociating into a o 

Detection and Determination , 

,f!;*.nd 

roTSoS.7^ This n»‘ bo by 

water and shaking the solution carbon disulphide which 

Bromine, if present, will be extracted by forms a 

will be coloured orange in con *^ c, ' l ? t " ic ac ids and chromyl chloride 

orwhich'is not extracted bv carbon 

^Free 'bromine is S.’KS 

excess of poto.sium iodide «.lol»n. »nd S|. fpage 532). 

iodine with a standard solution of bromine in hydrobromic 

For the detection and determination of the bromu y 

acid and bromides, see page 529. 

6 21 Hydrogen Bromide, Hydrobromic Acid, HBr 
9 41 n y° r K , . .. ac ti 0 n of concentrated 

Hydrogen bromide cannot be prep* - casc w jth which it is 

sulphuric acid on a bromide on ac o j below) phosphoric acid 

oxidized to bromine by sulphuric « commonly employed, 

can be used instead of sulphuric acid, but .isnotamf^ y > 

Hydrogen and bromine vapour combine-at a . P y 
the presence of platinized asbestos, w 

H, + Br 2 = 2HBr. 
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and this method can be employed for its preparation in the laboratory*. 

The most usual method for making the gas is by the action of 
bromine and red phosphorus on water. 



Fig. 22.16.—Preparation of Hydrobromic Acid (using Phosphorus) 

The apparatus indicated in Fig. 22.16 is used, consisting of a flask 
containing a mixture of red phosphorus with twice its weight of water 
and some clean sand; and fitted with a dropping-funnel containing 
bromine. The bromine is allowed to drop slowly on to the phosphorus, 
when hydrogen bromide is given off and heat is evolved, so that in the 
initial stages of the reaction it may be necessary to cool the flask in 
a trough of water. The gas is passed through a tube containing glass 
wool and damp rod phosphorus, to remove any unchanged bromine, 
after which it may be collected over mercury, or by downward delivery' 
since it is denser than air. 

If the solution be required, the gas may be dissolved in water using 
a funnel, as shown in Fig. 22.16, to prevent the risk of the water being 
sucked back. Alternatively, two wash-bottles connected as shown in 
Fig. 22.17 may be used. 

The reactions which take place are probably' as follows; 

2P + 3Br> = 2PBr 3 , 

2P -f 5Br‘ = 2PBr s , 

PBr 3 + 3H.,0 = H 3 PO 3 -f 3HBr. 

PBr, + 4H,0 = H 3 P0 4 + 5HBr. 

Another convenient method for the preparation of hydrogen bromide 
is by the action of hydrogen sulphide on bromine, and may be carried 
out in the apparatus indicated in Fig. 22.17. 

A stream of hydrogen sulphide (page 4411) is passed through bromine 
mixed with a little water in a wash-bottle. The hydrogen bromide 
formed is passed through a tube containing damp red phosphorus as 
before, and then either collected over mercury, or by downward delivery 
or dissolved in water by means of two wash-bottles as shown. (Alter- 
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natively a funnel may be used as in Fig. 22.16.) The reaction is repre- 

sented by the equation: 

H,S + Br 2 = 2HBr + S. 


Red Phosphorus 4 ClQSS ti/OOl 
/ = 




Water— 

Bromine 


F.o 22 17. — Preparation o. Hydrobromic Acid (using Hydrogen Sulphide, 

- P "“ B r+ so, + 2HP - H,SO, + 2HB, 

Ti, “ 

'TZ'* bromide U . «*»*» ^XS^^SSSi 
It fumes in air The gas condense*.to a in water. One 

to a colourless solid at . jv , hydrogen bromide, and 

gram of water at 0“ dissolves WO ' - ■' "> * of hydrogen 

580 volumes at 20 ". 1 he acul cont.un.ng acids U)S1 . , mK h 

bromide distils unchanged in hydrogen bromide until the 

water, while more concentrated acnls B," mtn .. ls obtained. 

constant boiling mixture, uhit h * litmus Hvdrogen bromide 
Dry hydrogen bromide has no act " ^Xmical properties, but 
resembles hydrogen chloride \ r\ k mercury very slowly, 

hydrogen brom.de is less ^ ^ * not fast 

forming hydrogen and merci r\ » hvilroRC n bromide. Hydrogen 
enough to prevent its use m oo 11 k > , lvl , rogl . n chloride; thus at 
bromide is more easily decoini slight deeomixisition also occurs 

800° the dissociation is appro a • K |( is morc readily oxidized 

-id and hydrogen peroxide 

° Xidi “ “ “ *^£ ! + H.SO. - Br. + SO, + 2H.O, 

2 HBr + HjO, = Br* + 2 H A 
whereas neither of these attacks hydrochloric acid. 
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Uses 

Hydrobromic acid is an important laboratory reagent, especially in 
organic chemistry. It is also used occasionally in medicine. 

The Composition and Formula of hydrogen bromide have been 
determined in a similar manner to those of hydrogen chloride (page 506). 

Bromides 

Hydrobromic acid forms bromides in the same way as hydrochloric 
acid forms chlorides, and the two series of salts are very similar. Thus 
corresponding salts crystallize in the same forms, and closely resemble 
each (• her in chemical behaviour, the principal difference being that the 
bromides are more readily oxidized. Some bromides, e.g, those of 
potassium, and silver, are extensively used in photography, and 
potassium and sodium bromides are used in medicine. 

Detection and Determination of Bromides 

A common method for the detection of bromides is the formation of 
free bromine when a bromide is warmed with concentrated sulphuric 
acid and manganese dioxide. The identity of the bromine is estab¬ 
lished as indicated on page 523. Another method, available if the 
salt under investigation is soluble, is to add a few drops of chlorine 
water to the solution and shake it with a little carbon disulphide. 
Bromine is liberated and dissolves in the carbon disulphide with an 
orange colour. Silver nitrate yields an almost white, though slightly 
cream-coloured, precipitate of silver bromide insoluble in dilute nitric 
acid and in dilute ammonia, though soluble in strong ammonia. It 
does not turn violet in light as silver chloride does. 

Bromides are determined in the same manner as chlorides, making 
use of their reaction with silver nitrate. 


§ 22 Compounds of Bromine and Oxygen 

It is doubtful if any oxides of bromine have been obtained as yet. although 
such compounds have been described from time to time. The preparation of 
two such, viz., bromine monoxide Br t O. and an oxide of the formula (Br/I),)*, 
has been claimed (Zintl and Roinaker. 1030; Brenschede and Schumacher. 
1030) The former is described as a very unstable gas obtained by the action 
of bromine on specially prepared, very reactive mercuric oxide; or, in solution, 
by shaking mercuric oxide with a solution of bromine in carbon tetrachloride. 
The other (Br 3 0,) n . is said to Ik* formed by the action of ozone on bromine vapour 
at temperatures below 0°. and is also very unstable. Neither of these has received 
further confirmation. In 1937 the isolation of another oxide of bromine, BrO f . 
was reported by Schwarz and Schmeisser 

Two oxy-acids of bromine are definitely known, viz.: 

Hypobromous Acid, HOBr, 

Bromic Acid, HBrO s , 

while the existence of 

Bromous Acid, HBriX 
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has been reported, but not confirmed. Neither perbromic acid nor 
any perbromate has hitherto been obtained. 

Hypobromous Acid, HOBr, and Hypobromites 

been formed: 

2NaOH + Hr, = NaBr + NaOBr + H,,0. 

A dilute solution of the corresponding acid c “" j* ™ ade by S ' a U ' P 
mercuric oxide with a cold aqueous solution o 

HgO + H,0 + -Br a = HgBr, + 2 HOBr. 

The aqueous solution of the acid is unstable and decomposes a j 

into bromine and water, although it can be distilled at 40 una 
6 An^alkahne 11 solution of sodium elXci/quanritari^fy 

a .-v -— 

present in the solution: -u n K T 

2NH.C1 + 3NaOBr + 2NaOH = 3NaBr + -; a + ^ 3 ' H o + ^ 
CO(NH t ) t + 3NaOBr + 2NaOH = 3NaBr + NaXO, + 4r.. ^ - 

Bromous Add, HBrO, .... , 1 ...h,. n -tn excess of 

What is thought to be a solution of oV silver nitrate Hypo- 

bromine water is shaken with a co,,c *' j , , s perhaps further oxidized: 
bromous acid is probably first formed, and this «> 1 r 

Neither the acid nor its salts have been isolated. 

Bromic Acid, HBr0 3 , and Bromates 

_ : n trt a hot concentrated aqueous solu- 

By dropping bromine slowly J < h is formed which soon 

tion of potassium hydroxide a yellow soiuu i. 

deposits crystals of potassium broma c. » 

OKOH + 3Br, - 5 KBr + KBrO ; , + 3H.O. 

The crystals can be purified by -crystallization from. hot waterjt 

is also formed when bromine vapour spw* *'^ 2 ? 
sium carbonate which has been saturate 

Br, + CK0C1 = 2KBr0 3 + 4KC1 + Cl, 

or by passing chlorine into a solution of potassium bromide and 

potassium hydroxide: u n 

KBr + 0 KOH + 3Clj = KBrO a + GKC1 + 3 H...O. 
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Barium bromate, Ba(Br0 3 ) 2 . H 2 0, can be prepared similarly from 
hot barium hydroxide solution and bromine. 

By treating barium bromate solution with the calculated quantity 
of sulphuric acid an aqueous solution of bromic acid is obtained: 

Ba(Br0 3 ) 2 + H 2 S0 4 = BaS0 4 + 2HBr0 3 . 

The solution can be decanted, or filtered, from the precipitated barium 
sulphate, and concentrated by evaporation under reduced pressure 
until it contains about 50 per cent, of the acid. On further concen¬ 
tration, or on heating, decomposition into bromine, oxygen, and uater 
occurs: 

4HBrO* = 2Br 2 + 50 2 4- 2H 2 0. 

The bromates resemble the chlorates, but there is no sign of the 
formation of perbromates on heating. Some metallic bromates when 
heated give the oxide, bromine, and oxygen, e.g.: 

2Mg(Br0 3 ) 2 = 2MgO + 2Br 2 + 50 2 . 

§ 23 Iodine 

History 

In 1811, B. Courtois, a manufacturer of saltpetre, near Paris, used 
an aqueous extract of varec or kelp* for converting the calcium nitrate 
from the nitre beds into the potassium salt (page 002). Courtois noticed 
that the copper vats used for this purpose were rapidly corroded by 
the liquid, and he traced the effect to a reaction between the copper 
and an unknown substance in the lye obtained by extracting the varec 
or kelp with water. On evaporating the aqueous extract of the kelp, 
crystals of potassium sulphate first separate, then follow crystals of 
sodium sulphate, sodium chloride, and afterwards sodium carbonate. 
The remaining liquid when heated with sulphuric acid in a retort 
furnished " a vapour of a superb violet colour " which condensed in 
the beak of the retort and in the receiver in the form of brilliant 
crystalline plates. Courtois communicated his discovery to Clement 
and Dcsormes, who published some results of their study of this new 
substance in IS 13. A year later Gay-Lussac published an extensive 
and remarkable memoir on this new substance which was called iodine 

from the Greek ( iocidcs ), violet. Gay-Lussac established 

the elementary nature of iodine, and demonstrated its relationship to 
chlorine. About the same time, H. Davy confirmed many of Gay- 
Lussac's results. 

Occurrence 

Iodine, although widely distributed, is never found free in nature 

• During the stormv months ol spring, seaweeds are washed on to the western 
coasts of Ireland, Scotland, and branee I he inhabitants collect the weed and 
burn it in large heaps at as low a temperature as possible. The ash thus obtained 
i< called help in Scotland and varec in Normandy. 
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Varec or kelp contains from 01 to 0-3 per cent of iodine^ The kelp 
derived from deep seas is richer >n iodine than that fr°m shallower 
parts. Iodine also occurs in small quantities in sea-water sea p ants 
sea animals ; in some land plants and animals. in cod-liver oil m the 
thyroid gland of animals: in many mineral springs and in the salt 
brine from some petroleum wells. It occurs combined with silver m 

some Mexican ores, and in some South Anuncai relm ining 

the iodine of commerce is extracted from the mother l>t|Uor ™ n £ l ,™hf 

after the separation of sodium nitrate from ca ^^.££. after the 
contains about 0-2 per cent, of iodine and the mother “Itwtlw 

extraction of the sodium nitrate, contains a to - 1 

iodate (page 589). 

Manufacture 

(i) from caliche, after removal of the sodium nitrate, 

(ii) from seaweed ; , ■ r n i;{ orn i a 

(iii) from salt brine from oil wells in Ja\a and 

Iodine from Caliche ^. ct^lliy'ition of the sodium 

The mother liquor remaining ^^.^S^urion. which 
nitrate (page 589) is treated with sodium bisuipniu 

precipitates the iodine. .. A u <ottle washed, pressed 

The solid iodine which separates is a lowed o : c ” ^ s ^ f \ n art l l onvvare 
into blocks, and sublimed from iron retorts ...to a series 

receivers known as udclls (i'ig- — 1 



The reaction takes place n thr < | k reduced to iodide: 

(i) a slow reaction ill which th< u l r . 

NalO.. + 3NaHSO a = Nal + .iNaHSO.. 

(ii) a fast reaction between iodate and iodide whereby iodine , 


formed: 

NalO, + 6Nal + UNaHSO. = 31, 


+ 0Na,SO, + 311,0; 
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(iii) a very fast reaction, which occurs so long as any sulphite is 
present, in which iodine is reduced to iodide: 

I 2 + NaHS0 3 + H 2 0 = 2HI + NaHSO*. 

Iodine, therefore, only appears when all the sulphite has been used up; 
the calculated quantity is consequently used. 

Iodine from Seaweed 

The seaweed is roughly dried and burned, and the fused mass of 
salts which remains is extracted with water. This aqueous extract is 
concentrated when potassium sulphate, and chloride, and sodium 
chloride are deposited. 

The mother liquor, which contains iodides and some bromides, 
is treated with sulphuric acid and manganese dioxide and distilled. 
Iodine is liberated and condensed in a series of earthenware bottles 
(udells) arranged as shown in Fig. 22.18. 

Iodine from Petroleum Brine 

The Java brine is treated with sulphur dioxide and then allowed to 
flow over bundles of copper wire suspended in troughs. The iodine is 
precipitated as copper iodide which is filtered off and exported to 
Europe. There it is converted into potassium iodide by fusion with 
anhydrous potassium carbonate. 

In California, the brine is made just acid with hydrochloric acid 
after which sodium nitrite is added which gives free iodine: 

2NaI 4- 2NaNO, 4- 4HC1 = I 2 + 2NO + 2H 2 0. 

The iodine is then adsorbed on active charcoal from which it is re¬ 
covered by the action of sodium hydroxide solution. The mixture of 
iodide and iodatc thus formed is acidified when iodine is precipitated: 

3I 2 + GNaOH = NalO, + 5NaI + 3H 2 0, 

NalO., 4- 5NaI 4- 6HC1 = 3I 2 4- 6NaCl 4- 3H 2 0. 

Iodine is further purified by mixing it with potassium iodide (to 
remove chlorine and bromine which are usually present in solid solu¬ 
tion) and resubliming it. 

Properties 

At ordinary temperatures, iodine is a dark bluish-black crystalline 
solid. The rhombic crystalline plates have a metallic lustre, and a 
specific gravity of 4-933 at 4°. Solid iodine has a vapour pressure 
of 0 030 mm. at 0°, rising to 3 084 mm. at 55°; this agrees with the 
fact that iodine vaporizes slowly at ordinary temperatures, and it has 
a slight smell resembling chlorine. It is very sparingly soluble in 
water: 100 c.c. of a saturated solution at 25° contain about 0034 
gram of iodine and is coloured a faint brown. The iodine is much 
more soluble if potassium iodide be also present. 
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Iodine is readily soluble in carbon disulphide, chloroform, benzene 
and other hydrocarbons forming violet solutions; it is also soluble 
in alcohol, ether, acetone, etc., but in these solvents it forms brown 

It is probable that free iodine is present in the violet solutions 
and that the brown coloration is due to the formation of a compound 
of iodine with the solvent. In brown solutions of iodine in potassium 
iodide, for example, the iodine is present as an unstable P 0, ^ s ur " 
tri-iodide, KI 3 . This salt has indeed been isolated in the form of 

dark-coloured, needle-shaped crystals. .|| f 

A great number of polviodides have been prepared, particular, of 

™ w„h 

'ttz&rSL .- ..... ■rrs 

bat it is rather less energetic. Oitam.- can ■'“l' 1 " ™ 

bromides, and both chlorine and bromine can < >1 * iodine 

iodides. Chlorine can displace bromine from * ‘ .* € t - 

appears to displace chlorine from chlorates according to the equation . 

2KC10.1 + 1* = 2KIO- + Cl -' 

but the reaction is probably not one oi -inipl' displacement 
't^M^bine direct, with 

the reaction is very slow, except in the presence ol cata,sts (see 
Pa oTt 2 he°;t 5 he?non-metals only phosph-riK. 

combine directly with iodine; but mos n i ‘ ‘ Thus antimony 

with it, although less so ,h » n “•'JJ} '‘/"Hhaktn with iodine vapour; 
powder inflames spontaneously "h» n it » lt ed 

iodine and mercury also combine om r^e i< a blue coloration 

When in contact with * tar ^ of O UOUOOOl gram 

The reaction is delicate enough to rc\ c ai uu. j halted to about 

bfiodme per c.e. The blue cdo» .« “rj, » 1ST- 

Sh “ SS™ »T»nn£lJ in .he starch. « *c - " «Ui«~ " 

TCi 1 1v&sA .. a.. rs,:,;;. h 

[ess powerful. It sell oxidwe. or ^ su| 

hydrogen sulphide to sulphur and -Ulj - rnl !; U iiction with a 
Which are employed in volumetric analysis in con)unction 

standard solution of sodium thiosulphate. 

Na 3 As0 3 + 1* + H.,0 = Na 3 AsO, + 2HI, 

H 8 S + l 3 = 2HI + S, 

Na.SO, + I, + H.O = Na t SO, + 2HI. 
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Iodine in solution reacts quantitatively with sodium thiosulphate, 
sodium tetrathionate being formed: 

2Na 2 S 2 0 3 -f I 2 = 2NaI -f Na 2 S 4 0 6 , 

and this reaction has many applications in volumetric analysis. It can 
be employed not only in the determination of iodine itself but for 
determining the amount of any oxidizing agent which will liberate 
iodine from an iodide. Examples are chlorine, bromine, copper salts 
hypochlorites, and bleaching powder. 

Uses 

Iodine is largely used in medicine, both in the form of the free 
element (usually in solution in alcohol called “ tincture of iodine **) 
and in combination. The tincture is used as antiseptic. Iodine is 
a constituent also ot the antiseptics iodoform (CHI 3 ) and lodole 
(C 4 I 4 NH). It is employed in the manufacture of dyes and other 
organic chemicals, in photography and in analytical chemistry. 

Atomic and Molecular Weights 

The combining weight of iodine has been determined by the analysis 
of silver iodide and other iodine compounds such as iodine pentoxide. 
The atomic weight is found to be approximately 127 since this is the 
smallest amount of iodine present in the molecular weight of any 
known volatile compound. The accepted value for the atomic weight 
at present (1950) is 126-92. 

The vapour density of iodine at 600° is 125-9 (H 2 = 1) which corre¬ 
sponds with a molecule I 2 . Similarly the lowering of the freezing 
points and raising of the boiling points of solutions of iodine in acetic 
acid, carbon disulphide and chloroform indicate a molecular weight of 
approximately 254. 

When iodine is heated above 700 c , the vapour density diminishes 
steadily up about 1700°. when it becomes constant at about 63-5 
indicating dissociation into atoms. 


§ 24 Hydrogen Iodide, Hvdriodic Acid, HT 

Hydrogen iodide, like hydrogen bromide, cannot be made by the 
action of concentrated sulphuric acid on iodides on account of the ease 
with which it is oxidized. It is formed by the direct union of hydrogen 
and iodine, and although the reaction is reversible and incomplete and 
also slow in the absence of a catalyst icf. page 230). it can be utilized 
for its preparation by passing hydrogen and iodine vapour ove» 
heated platinized asbestos. 

The gas is usually prepared in the laboratory' by the action ot phos¬ 
phorus and iodine on water, using the apparatus (Fig. 22.16) employed 
for the similar preparation of hydrogen bromide. Red phosphorus 


the halogens 


533 


22 ] TMt nALVUcno 

and iodine are mixed in a dry flask, and a little water is hvThe 

dropping-funnel. (This modified procedure is rendere n • ) ■ 

fact that iodine is a solid at ordinary temperatures whereas bromine 'S 
a liquid.) Free iodine is removed by passage through a tube containing 
red phosphorus and glass wool. The gas cannot be collected oier 

mercury as they react; it is usually collected by . d 

The solution in water (known as hydnodic acid) may be prepared 
by absorbing the gas obtained as described above in water 

precautions as in the case of hydrobromic j lcld ; ctc .' p ^ dered 
'sucking-back ") but it is often made in the following way • Powdered 
iodine is suspended in excess of water and hydrogen sulphide is bubbjed 
slowly through the mixture, until the colow of thi^ iodine has 
appeared. A rapid stream of carbon dioxide, - • . ture 

passed for a short time to remove hydrogen su p V" moved by 

is then shaken to coagulate the free sulphur \ concentrated to 
filtration through glass wool. The solution can be concentrated 
about 50 per cent, by distillation. 1 h< reaction is represented. 

H,S + I* = 2H1 -I- S. 

Properties . . 

Hydrogen iodide is a colourless gas which f urn^ m^Inheres* pressure 

afffi *at * ?. ?&* w .«j « 

wLoZ sr ;s y vS:“; mV n " «**“» 
"KTSS ..« 

cent of hydrogen iodide ; prepared. but turns brown 

The solution is colourless, when m . im i l 

on keeping owing to formation of free io< me 

4H1 + 0 2 = 2H..O + 21,. 

It is a powerful reducing agent on account of ''.'...'usiveK’ used for this 

decomposed into hydrogen and ^^pSy^' to 

purpose in organic chemistry. It » 1 *» pxton t of dissocia- 

light, and on heating: the following table shows the extent ol cJ.ssoc. 

tion at various temperatures. 

Table XXXII -Oissoc.at.on oe Hyokochn Ioo.de 


Temperature 


lVr cent, of Dissociation 


283 ° 

300 ° 

444 ° 

527 ° 


I7U 

10*5 

220 

24*7 


The dissociation of hydrogen iodide was bV 

Bodenstein (1897), whose values art* given in 
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It is interesting to notice that, although hydrogen iodide is formed 
from solid iodine with absorption of heat, its formation from iodine 
vapour takes place with evolution of heat since the heat required to 
vaporize the iodine is greater than that evolved by the reaction. 
Consequently the dissociation of hydrogen iodide increases with rise 
in temperature. Also it may be noted that heat is evolved when 
hydrogen iodide is prepared in solution from iodine and hydrogen 
sulphide as described on page 533. This is because although the forma¬ 
tion of hydrogen iodide involves absorption of heat 

H 2 S + I 2 = 2HI + S - 16 8 cals. 

hydrogen iodide evolves 19*2 cals per gram molecule when dissolved 
in water. Consequently the net result of the process is the evolution 
of heat. 

The composition of hydrogen iodide can be determined by reaction 
with sodium amalgam as indicated for hydrogen chloride and hydrogen 
bromide. The vapour density is 63-94 (H s = 1), corresponding with 
the formula HI. 

Iodides 

Hydriodic acid resembles hydrobromic and hydrochloric acids, and 
forms salts—iodides. The iodides likewise resemble the chlorides and 
bromides, and they all can be prepared by similar processes. It is, 
however, worth noting that many of the so-called insoluble iodides 
precipitated by adding a solution of potassium iodide to a solution of 
a metallic salt are soluble in an excess of a solution of potassium 
iodide. Most metallic iodides when heated in air furnish the metal 
or a metallic oxide and liberate free iodine. The iodides are usually 
less volatile than the corresponding chlorides and bromides. Many 
iodides have characteristic colours. 

Detection and Determination 

Hydriodic acid and iodides are detected by the formation of a pale 
yellow curdy precipitate with silver nitrate, insoluble in dilute nitric 
acid and in ammonia. They also give free iodine when warmed with 
concentrated sulphuric acid, the element being recognized by its violet 
vapour. Iodides may be determined gravimetrically by precipitation 
as silver iodide, which is weighed as such. Yolumetrically, the iodine 
liberated by means of a suitable oxidizing agent (cf. page 532) is titrated 
with a standard solution of sodium thiosulphate. 

§ 25 Oxides of Iodine 

Three oxides of iodine have been described: 

Iodine Dioxide. 10., or I 2 0 4 , 

IA. 

Iodine Pentoxide, I 2 0 5 , 
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of which the last-named is the only important one Also a number of 
other oxidized compounds ot iodine have been reporte w ic are 
probably mixtures. 

Indin* Dioxide IO or IO. is said to be lormed as a lemon-yellow powder 
by ^ac«on ot cold Aifric acid on .od.n, abo by 

sulphuric acid on iodic acid. It readily decomposes into iodine and iodine 
pentoxide on warming. 

I 4 0 # is said to result from the action ol ozone on dr> iodine. 

Iodine Pentoxide, I 2 0 :> 

When iodic acid is heated to about 170° it decomposes with loss ol 
water forming iodine pentoxide: 

2HI0 3 = H.,0 4 I-.A- 

It is a white, crystalline solid which dissolves ,n /miK'o? 

,iodic acid. It is more stable than any of the oxides ofchlonne or 
bromine, although it decomposes into its elements above _U0 . 

§ 26 Oxyacids of Iodine 

Three oxyacids of iodine are known in the lorm ol their salts, viz.: 

Hypoiodous Acid, HOI, 

Iodic Acid, HIOj, 

Periodic Acid, HI0 4 . 

but periodic acid itself has probably not been deriv’etf'from 

many salts are known having comphca ec 

periodic acid (see below). 

Hypoiodous Acid, HOI. Hypoiodites 

Iodine will dissolve in cold aqueous a'kaline 
liquid which has bleaching properties and is believed to contai > I 

iodites in solution: 

2KOH + 1, = KI + KOI 4- H 2 0. 

A dilute solution of the corresponding acid «n be made by shaking 
mercuric oxide with a cold aqueous solution of iodine. 

HgO + 21, + H,0 = Hgl„ + 2H01 

These solutions are very unstable and decompose on stand.ngaormmg 
first iodide and iodate. which (in the case of the free acids) react 
together with deposition of free iodine. 

3 KOI = 2K1 4 KI0 3 , 

3 HOI = 2111 4 HIO 3 , 

HI0 3 4 5HI = 31 v 4 3H 2 0. 

Iodic Acid, HI0 3 . lodates * . . 

Potassium iodate, KIO,. can be made by the direct action of potas- 
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sium chlorate on iodine in presence of a little nitric acid, as represented 
by the equation: 

2KC10, + 1* = 2KI0 3 + Cl 2 . 

This reaction is sometimes considered to be a direct replacement of 
chlorine, but it is more probably one of oxidation of iodine by the 
chlorate. This is a convenient method for the preparation of potassium 
iodate. 

Barium Iodate, Ba(I0 3 ) 2 

This salt can be prepared by dissolving iodine in an aqueous solution 
of barium hydroxide, or by the addition of barium chlorate to an 
aqueous solution of potassium iodate. White granular barium iodate 
is precipitated. 

The Preparation of Iodic Acid, HIO ; , 

Iodic acid can be made by the processes described for bromic acid 
(page 527), of course substituting iodine for bromine, for instance, by 
the action of dilute sulphuric acid on barium iodate; or by the action 
of chlorine on water containing iodine in suspension; or by the action 
of an aqueous solution of chloric acid on iodine. Iodic acid, however, 
is usually made by the direct oxidation of iodine with nitric acid. 

The reaction is represented by the equation: 

I0HNO, + I 2 = 2HI0 3 + I0NO 2 + 4H 2 0, 

but it is no doubt much more complex. 

The powdered iodine is added in small quantities at a time to 
concentrated colourless nitric acid; a current of air or carbon dioxide 
being passed through the apparatus to remove oxides of nitrogen as 
fast as they are formed. After the iodine has all dissolved and its 
colour has disappeared, the mixture is allowed to cool and the iodic 
acid, which separates, is filtered off on an asbestos filter. It is re- 
crystallized from dilute nitric acid. 


Properties 

Iodic acid is a white crystalline solid, readily soluble in water. The 
aqueous solution first reddens blue litmus and then bleaches the 
colour. It does not give a blue colour with starch. It forms salts, 
the iodates which resemble the chlorates and bromates in many ways, 
but are less easily decomposed by heat. A series of acid iodates is 
known, usually formulated, for example, 

KIO a .HI0 3 ; KI0 3 .2HI0 3 . 

from which it might be inferred that iodic acid is a polybasic acid, e.g., 
H,IA or H 3 I 3 0 9 ; but its constitution is not definitely known. 

On heating, iodic acid passes into iodine pentoxide (see above). It 
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1dXSTSid and'Sh i3p£S”j£.'«k i S£t3 

in the equations: 

5H„S + 2HI0 3 = 5S + OH,0 + I„ 

5HI + HI0 3 = 3L + 3H..O. 

5SO, + 2HI0 3 + 4H 2 0 = 5H..SO, + I 2 . 

• • __j - c ^ tpct for iodates. The solution io 

fir^acidified with'hv-drochloric acid to liberate the 

as — 

iodide,” the characteristic reaction 10 wdme. a „ fe intere st- 

The reaction between sulphurous < c . t] substances 

ing because the iodine does not appear ‘"’ ™ t J ri „a of mdu Cti on 
are mixed; there is a well-defined1 period I of turn and the 

—between the moment the reacting s . t ion of the interval 

moment iodine makes its appearance ox 

is dependent upon the concentrations o *■ i uct j on 0 f the iodic 

It ^supposed that the first acid has been 

acid to hydnodic acid; anc * b ‘ t h c oxidation of the hydriodic 
oxidized this reaction is followed b> tne o*. 

acid by the excess of iodic acid: 

3H. 2 S0 3 + HI0 3 = 3H.SO, + HI, 

5HI + HIO, = 3H.0 + 3I 4 . 

(These two equations combined lead to the one ' bc^nearlv 

The first reaction—oxidation plicated above, 

completed before thc second °neu - ' ^ hvtll jodic acid Since the 
the iodine with sulphurous acl(l r . . are present at the 

maximum amounts of iodic and su j * at t j H . beginning and 

start, the first-named reaction must b ^^ vclocit * of a rear- 
afterwards gradually slow down. A&« • reacting substances 

tion is proportional to the concentrate of s & wt . st at lh , 
present in the system, the second rea hJ of formation of the 

start, and gradually become citv ot two consecutive reactions; 
iodine is therefore the resultant \i . lho |H *riod of induction 

and the belated appearance of t» , t taction to make enough 

corresponds with the time required k su o\cient iodine 

hydriodic acid to enable the second reaction to 

to colour the starch. 


Periodic Acid. HIO,. Periodates 


_has been made, but a large 


***’’'*' ** «■ . . 11 iq _|,as uecn nijui. ** o 

It IS not certain .1 normal pe r.<ac« rl — li , knmyn ThcSO are somewhat 
number of related salts, classed as |nr • j erstootl a s being salts ol -wuls 
complicated in composition and are • xitJc —I f O,—by addition ol water 


complicated in composmun Y i w .„n,x»de 

derived from the hypotl.et.eo iodine eptox.Ue 

Stop by step as shown in the tollowing 
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Table XXXIII.— The Periodic Acids 


1,0, 

with 

Compounds formed 

Empirical 
formula 
of acid 

Name of acid 

Salts 

1H,0 

I,0,(0H),; or 2IO,OH 

HIO, 

Meta-periodic 

acid 

KIO.; AglO,; 
etc. 

2H t O 

1,0,(OH|, 

H,I,0. 

Dimeso-periodic 

acid 

No salts known 

3H,0 

I,0,(0H) 4 ; or 210,(OH), 

H,IO. 

Mcso-penodic 

acid 

Ag,IO,; 
Pb s (IO s ) # : etc 

4H a O 

I.O.(OH), 

H.I.O,, 

Dipara-penodic 

acid 

Salts have been 
reported; pro¬ 
bably mixtures 

5H,0 

I,O t (OH) l0 ; or 2I0(0H), 

H,IO, 

Para-periodic 

acid 

Ag,IO # ; 
Ag,H s IO, etc. 

GH,0 

I,0(0H),, 

H.,1,0 , 

Diortho-per odic 
acid 

Salts have been 
reported; pro¬ 
bably mixtures 

7H,0 

It(OH) u ; or 2I(0H). 

h 7 io. 

Ortho-periodic 

acid 

No salts known 


Nomenclature ol the Periodic Acids and the Periodates 

When one anhydride lorms a senes of acids by union with different amounts of 
water, the acid containing most water is called the ortho-acid—from the Greek 
op06f (orthos), regular: the other acids have prefixes, making para-acid— 
from the Greek vapa (para), beside; meso-acid—from the Greek uiao* (mr$os\. 
middle, intermediate; and meta-acid —from the Greek u*tq im eta), beyond, 
less than the highest. The di-acids are supposed to be lormed by abstraction of 
one molecule of water from two molecules ol acid It wil. be evident that if 
the acid* arc polybasic we can imagine the available hydrogen atoms replaced 
one by one. II all the available hydrogen atoms are replaced by bases, the 
normal salt is obtained: if only our ol the available hydrogen atoms *s replaced 
the primary salt; if two. the secondary salt: d three the tertiary salt 

Secondary sodium para-periodate has the composition Na,H,IO,. thus corres¬ 
ponding with para-periodic acid. H A IO # . It can be prepared as a sparingly soluble 
salt by passing chlorine into an aqueous solution ol sodium iodate and sodium 
hydroxide: 

NalO, + 3NaOH -f Cl, = 2NaC + Na,H,IO, 

When sodium periodate is disso ved in mtnc acid and silver nitrate is added to 
the >olution, crystals ol silver meta-periodate—Agio,—corresponding with 
meta-periodic acid, separate when the solution s concentrated by evaporation 

Para-periodic Acid 

When silver meta-periodate is boiled with water, an insoluble salt, secondary 
silver para-periodate, is lormed along with para-periodic acid H,IO,. or 

i no,. 2H.,o 

Thus 

2AglO, - 4H t O = Ag,»! a lO, + H,IO. 

When the clear solution concentrated deliquescent crystals ol the para- 
penodic acid are obtained Para-penodie acid is also lormed by the electrolytic 
oxidation ol iodic acid with a end dioxide anode (Hickling and Richards 11)40). 
This acid melts at 133® and decomposes into 'odme pentoxide. water, and 
oxygen at 150® The water cannot be expelled bv heat because oxygen is evolved 
along with the water Periodic and and neutral alkali periodates are reduced to 
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iodates by hydrogen peroxide It "i* "'!'!-Titime 

L X ^o 0 xy7en r0 fo n dir a Tidfnd^onTe d ntrate.l solat.cn> ot sod,urn .odate are slowtv 

pcr?oKjate , said to occur ,n native Chite sa.t- 

petre. along with some sodium lodate • . t $ , s based on the assumption 

The accepted electronic structure oithepeno^xts^ to many as 

that the number of electrons m the , t to have twelve electrons m 

sixteen. The ion of paraperiodic acid is thus thought to 

the valency shell of the iodine atom: 


O 


o 


o 


o 




v I 
> 


o 


while the acid itseU may be written 

(HO) 4 — l- 


O 


-o 


§27 Interhalogen Compounds 


The halogens form a considerable number olha logon Compounds 

sonic of which are described below. Theseby the action of 
Chlorine monofluoride— CIF »s a C ° °. r »ture of liquid air It is very reactive, 
chlorine on hydrogen fluoride at the tvj«| *■ fluorine It is also formed bv the 

acting on some metals more vigorous!) ,-xcess of fluorine «s used in this 

action of chlorine on fluorine at^ -oil•. » ^ a co)our icss gas 

experiment chlorine trifluonde—Cll a - . i iouu j lormed bv the action of 
Bromine trifluoride-Br I- ,-.s a "Nomine penlailuoride-UrF. 

fluorine on bromine or hydrogen it is a colourless solid, 

is obtained similarly with excess o« buon the trirtuoridc and bromine as an 
Bromine monofluoride — Hr 1* -—-formed twmlto. 
unstable red-brown liquid has also wen rt mixture ol chlorine and 

Bromine chloride- BrCI-.s said to U- l>,a" described as crystal!.* 
bromine vapour, and a solid hydrate. RrU • .j w|U| walor 

mg out when chlorine is passed into br«>i combination ol iodine and 

Iodine pentafluoride—11$—results ln> 1H -ntoxide It is a colourless solid 

fluorine, or by the action of fluorine on ’'»» l gas—iodine heptafluor de 

which, when heated to 300" with more fluorine, lorm 

—IF,. . * , || t . isuai nspcction. indistinguishable 

Iodine monochloridc — ICI—is a iquu . ‘ .odine Iodine trichloride—ICI,— 

Irom bromine, formed by passing chlornu *• ol chlorine on iodine This 

is obtained as a yellow solid, by the •*«. ■« , ac|t | a nd the solution forms, 

substance is soluble in concentrated ‘V ’’ ammonium tetrachloroiodide 

with bases, salts known as tctrachloroi ‘ * |)V «| irc -ct combination ol the 

(page 411 ). Iodine monobromide—-1 r rt>sl . m bling iodine in appearance 

elements and is a crystalline solid, cbjsti) mu*rlial<»gcn compounds fv.xcep 

The electronic structures assigned » |>uset! on the ability of tie 

those containing two atoms of halogen on . • * ^ t | K .j r valency shells 

halogens, apart from fluorine. to eu-n electrons in the valency shell •»! t 

considerable extent. The tnlluorwles * unshared ami inert 1 he structm 

central halogen atom of which two pans ,l . . o| t | |C |* ton (page 531 1. 

thus assigned to chlorine trifluonde is an. ^ pc „talluorides have twelve 

and iodine trichloride is formulated . th ,. valency shell of the central 

electrons and the iodine hcptalluonde fourteen in thc 

atom. 
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§ 28 Salts of Iodine 

Since iodine is the heaviest member of the Halogen Group of elements it might 
be expected to show indications of the beginning of metallic properties; it being 
a general phenomenon that metallic character is more developed in the heavier 
than in the lighter elements of a group (cf. Chapter 8). 

This is found to be the case here since iodine forms a number of compounds 
of a salt-like nature, in which the iodine is the electropositive part of the molecule. 
Among these might be included the chlorides of iodine mentioned in the preceding 
section. I he followin'? compounds have also been reported, viz.; 

Iodine phosphate, IP0 4 , 

Iodine acetate, I(C,H,0,j,. 

Iodine nitrate, I(NO,), t 
Iodine perchlorate. 1(00,),. 

Basic iodine sulphate, (IO,)SO«. 


§ 29 The Halogen Family of Elements 

The halogens (fluorine, chlorine, bromine and iodine) constitute the 
B sub-group of Group VII of the Periodic System (page 118). The 
corresponding A sub-group comprises the elements manganese, 
masurium and rhenium, and the relationship of these to each other, 
and to the halogens, will be discussed in Chapter 34. 

The halogens themselves form a remarkable family of elements. 

The gradation in characters which the halogens show with increas¬ 
ing atomic weights from fluorine to iodine yields an almost perfect 
family series. The family relationship of the halogens is illustrated by: 

(1) The similarity in the chemical and physical properties of the 
elements and their corresponding compounds is such that the properties 
of any one member of the family can be said to summarize or typify 
the properties of the other members of the scries. 


Table XXXIV.— Some Properties of the Halogens 


Property 

Fluorine 

Chlorine 

i Bromine 

Iodine 

Atomic weight 

19 

35-40 

79*92 

12C-92 

State of aggregation 

Gas 

Gas 

Liquid 

Solid 

Melting point 

- 223 J 

- 102° 

- 7*3° 

+ U3 C 

Boiling point . 

- 187° 

-34 ii° 

68*8° 

184-35° 

Specific gravity • 

1 *08 (liq.) 

T55 (liq.) 

319 (liq.) 

4-93 (sol. 

Atomic volume* . . 

lti-7 

22-9 

25 1 

25*7 

Colour of gas . 

Pale vellow 

Greenish 

Brownish 

Violet 

Solubility < 100 grams water 

Decomposes 

vellow 

1*46 

red 

4 15 

0-0102 

at 2<> ) dissolves grains . 
Oxidizing action 

water 

Strongest 

Very strong 

Strong 

Weak 

Oxyacid** . . 

— 

licio 

H BrO 

HIO 


— 

HCIO, 

— 

_ 


— 

HClOj 

HBrO, 

HIO, 


— 

HCIO, 

_ 

HjIO, 

Hydrides . . 

H,F S 

HCI 

HBr 

HI 


• Atomic volume is the atomic weight divided by the specific gravity. 
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(2} The gradual transition of chemical and physical properties is such 
that if the elements be arranged in order: F Cl. Br. I, ^ 
in any particular property in passing frorn fluorine to wdme nearly 
always proceeds in the same order, and that is the order of t-eir atomic 

"^relationship in the physical and chemical properties of the 

halogens is indicated in 1 able XXXI\ , th rc-idin^ss 

All the halogens form compounds with hydri gen. increases 

with which union occurs decreases as, the atomic weig ^ “ a 

The properties of the halogen acids and their sa T b |c\XXV 

relationship as the elements themselves, and are shown in Table XAAV. 

Table XXXV.—The Properties of the Haloid Acids __ 


Property 


Molecular weight 
Boiling point . 

Melting point 
Solubility in water . 
Specific gravity saturated 
aq. sol. 

Boiling point aq. sol. 
Dissociates at 
Heat of formation (cals.) . 
Heat of formation of K 
salt (cals.) . 

Heat of neutralization 
NaOH 

Potassium salt melts 
Calcium salt melts . 

• Solubility Ag salt (20°) per 
100 gm water 
Solubility Ca salt per 100 
c.c. solution 


Hydrogen 

lluoride 

Hydrogen 

chloride 

Hydrogen 

bromide 

Hydrogen 
iodide 

20 

19 4 
-83® 

35 3% 

30 40 
- 85® 

- Ill® 

4 •> O ' 
t* »> 

80 93 

- 07® 

- 80 

49% 

127 93 

- 35 5® 

- 50-8® 
57% 

115 

120° (30° o ) 

+ 38-5 gas 

1-21 

110® (20%) 
1500® 

4- 22 0 gas 

1 49 

120 (47%) 
8UO® 

4- 8-4 gas 

1-70 

127® (57%) 
180® 

-0 4 gas 

1100 

105-7 

95-3 

80-1 

10-3 cals 
885® 
1330® 

13-9 cals 
790® 

780* 

13-84 cals 
750 

700' 

13-78 cals 
705® 
740® 

172 

0-00154 

n-noooHi 

00000028 

O-0010 

42-7 

58-8 

07-0 


i ^niiviriiv its magnitude in passing 
Taking almost any property and coinP^ ( £ U)i1kK ,,, a similar gradual 

from fluorine to iodine, or from flue 

transition will be observed. ol the mixture ol 

The boiling point of the acid and l.o << ™ exceptional, 

hydrofluoric acid and water of c< " '“d below t»«. Again. 
Hydrogen fluoride apjK-ars to >« I d,.creases with increasing 

while the affinity of the halogens for iy - oxygen. Hut with oxygen 
atomic weight, the reverse is the - n * ‘ although fluorine forms 

the relationship is not so c carl W ;^ »>' <)( oxyge „ with 

two oxides— KO. and I o—linn b ' v the known compounds 

chlorine have been obtained ; aiul. J * p|M . iirs to be less, not 

with oxygen, the affinity of bromine o ’i;i lollL ,i. XV e must remembei 

greater, than is the case with c 2 •■urine. Chlorine, 
that bromine has not been investigated so muen 
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bromine, and iodine unite with one another forming an unstable series 
of compounds analogous, in some ways, with hypochlorites and 
chlorates, but the bromine analogue of perchlorates has not been 
prepared. 

It is found when elements are compared that frequently the first 
element in any group (i.e., the element in the first short period) exhibits 
properties which cause it to resemble fairly closely an element in a 
neighbouring group, and which make it, to some extent, separate 
from the rest of the members of its own group. Some of the properties 
of fluorine mentioned above illustrate this; for example, the weakness 
and association of the hydracid and also in the solubility of the silver 
and calcium salts. 

In many respects fluorine shows considerable resemblance to oxygen. 
Thus, the heats of formation of many fluorides are nearer to those of 
the corresponding oxides than of the chlorides; while the fluorides 
and oxides resemble each other in solubility, volatility and fusibility 
more closely, as a rule, than the fluorides and chlorides do. These 
statements are well illustrated by a comparison of hydrogen fluoride 
and water. Thus the equivalent heat of formation of water (34-2 Cals.) 
is closer to that of hydrogen fluoride than to that of any other halogen 
hydracid; the boiling point of hydrogen fluoride is nearest to that 
of water and its range of fluidity most nearly similar. Like water 
too it is, by comparison with the other hydrogen compounds, a weak 
acid. 

Another point of similarity between fluorine and oxygen is the fact 
that the fluorides and oxides of the elements are usually compounds 
in which the element exhibits a higher stable valency than in the 
chlorides. Thus, for example, SO., and SF r> are stable compounds at 
ordinary temperatures, whereas SC1 6 cannot exist at ordinary tempera¬ 
tures. and a number of other similar cases could be cited. Again, 
fluorine will combine directly with carbon (as does oxygen) while the 
remaining halogens are without effect on it. 

lo sum up, the halogens, as a group, form one of the most striking 
examples of family relationship found in the Periodic Table; but the 
usually observed tendency of the lightest element to exhibit differences 
from the remaining members of the group and to show resemblances to 
its neighbouring element in the next group is found here also. 


CHAPTER 23 


THE ATMOSPHERE 
INCLUDING THE INERT GASES 


L conceive the confused mass ol vapour, air. and yxh a| ation^»hich^«e^c ^ ^ 

atmosphere, to be nothing else but the partic es * at a distance by repulsive 
the earth consists, separated from one another and kept at a distance t>> repuis.se 

forces.—I saac Newton (1717). 


§ 1 General 

From very early times the air was regarded as an element, though^it 
is open to question whether the conception o an it ‘ c " e of water 

same as ours in the chemical sense (cf. page• •>)• P . t as an 

vapour was also recognized very early, hut it \\a* h> 

essential part of the atmosphere. . ( > v iA onC e lor 

M.yow P (.674, was ~ 

the composite nature ot the atmospntre. . volume of 

confined in a bell-jar over water causes a d.mu“ l “ n “ ‘ ^We sub 

the air. and also that the same result occurs «hen 

stances are burned under similar conditions. < • )rcithing and 

residue of gas after these experiments is unht bo h tor bc^and 
for combustion. The presence ol carbon dioxide m the a.r uas 

lished by Black in 1755, who called \t fixci lint ;i t h e time 

- The real nature of the atmosphere remained o 

of Lavoisier, chiefly owing to t »■" pn^ 1 f 1 co , n hustion was 
Chapter 1, page !»). According to » h » Th e original 

attended by the escape of phlogiston a ^ ho . ltin „ thl . M . calces with a 
substance could often be regenerate db) ‘ , V e the metal 

substance rich in phlogston (e.R^coppe h» illdicatcd by 

agam). That the air played some part in £ 1^ ^ aMUm . 

experiments such as those of Mavow. i ' aping phlogiston, 

ing that something had to be present to take 11 saturated 

and that air which would no longer support combustion atur. 

As was g p 0 inted out in Chapter L but°natur- 

SSSK field «h d e elemental nature of the air was not 

seriously questioned. rnmct , heorv „i combustion were 

The true nature of air and the cor'ttention to the increase in 
due to the work of Lavoisier, who dirt t correctly Priestley’s 

weight of substances after burning, and interpreted correct!) y 

discovery of oxygen. 
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§ 2 Lavoisier’s Experiments on the Composition of Air 

Antoine Laurent Lavoisier (1774) extended experiments which had 
been described by Rey in 1630 with more decisive results. Lavoisier 
heated tin along with air in a closed vessel. The vessel containing the 
air and tin did not increase in weight, although part of the air was 
absorbed. When the flask was opened, air rushed in, and the increase 
in the weight of the vessel was found to be equal to the increase in 
weight which the tin alone had suffered. Hence, Lavoisier concluded 
with Rey that the increase in the weight of the tin was due solely to 
an absorption of the air in which the calcination had occurred. There 
was not sufficient air in the flask to “ saturate " all the tin. and yet 
some air always remained as a residue. Hence, Lavoisier concluded 
further that only part of the air can combine with the metal during the 
calcination; he also found that the increase in the weight oj the tin 

during calcination is equal to the decrease in 
the weight of the air. Hence, it seems as if air 
contains at least two constituents, only one 
of which is absorbed by the heated metal. 

Lavoisier continued this important work 
with mercury instead of tin. The mercury 
was confined in a retort with an S-shaped 
neck which dipped undei a bell-jar in a 
trough of mercury, as illustrated in Fig. 23.1. 
The air in the retort was in communication 
with the air in the bell-jar. The level of the 
mercury in the bell-jar was adjusted at a 
convenient level, and its position " very 
carefully marked with a strip of gummed 
paper." By means of a charcoal furnace, the 
mercury in the retort was heated—not quite 
to its boiling point. Lavoisier said: M Noth¬ 
ing of note occurred during the first day. 
The second day I saw little red particles* 
swimming over the surface of the mercury', 
and these increased in number and volume 
during four or five days; they then stopped 
increasing and remained in the same condition. At the expiration of 
twelve days, seeing that the calcination of the mercury made no further 
progress, I put the tire out.’ After making allowance lor variations 
of temperature and pressure. Lavoisier noticed that the volume of air 
in contact with the mercury was about 50 cubic " inches." and after 
the experiment, between 42 and 43 cubic " inches." About one-sixth 
of the volume of air in the apparatus was absorbed by the mercury.t 

• The calx or oxide of mercury is red It is now called " red oxide of mercury”, 
or " mercuric oxide ' 

f More recent experiments snow that one-litill i*. nearer the mark 



Fig. 23.1. 

Lavoisier's Experiment on 
the Composition of Air 
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The air which remained in the retort was not absorbed by the hot 
mercury ; it extinguished the flame of a burning candle immersed in 
the gas; and a mouse was quickly suffocated when placed in the gas. 
Hence, Lavoisier called the gas azote, " from the d privative of the 
Greeks, and falife." In France the gas is still " azote." though in 
Britain it is called " nitrogen," and in Germany " Stickstoff, that is. 

" suffocating stuff." .... , 

About this time, Lavoisier heard of Priestley s discovery of oxvgen 
(which Priestley called dephlogisticated air) and at once perceived its 
significance in the light of his own experiments. 

He collected the red powder formed by heating mercury in the 
retort, Fig. 23.1, and by reheating it in a suitable retort. Lavoisier 
obtained between seven and eight cubic " inches of a gas which had 
obviously been previously removed from the air bv the hot mercury. 
When a burning candle was immersed in the gas. the candle burnt with 
"blinding brilliancy." as Lavoisier expressed it; a smouldering 
splinter of wood burst into flame when plunged in the gas. and the 
gas did not suffocate a mouse like azote. Lavoisier first called thi- 
gas vital air, and afterwards oxygen. The latter term is its present-day 
designation. In this manner. Lavoisier proved that atmospheric air 
is made up of two gases—oxygen and nitrogen -of different and even 
opposite natures; the oxygen alone combines with the metal dunn* 

calcination. . A __ 

Assuming that this interpretation oi the experiments i=• correct. 
Lavoisier inferred that by mixing azote and oxygen in the right 

proportions, it ought to be jiossible to reproduce atmospheric air 

This Lavoisier did, and the mixture was found to behave with respect 
to " combustion, respiration, and the calcination of metals similar in 

every respect to atmospheric air." . ^ 

In addition to these constituents and the carbon dioxide recognized 
by Black, in 1777, Carl Wilhelm Scheele inferred that air also contains 
a little ammonia, because a bottle of hydrochloric acid, u u n expose 
to the air, becomes covered with a deposit of sal-ammoniac (ammonium 

chloride). . % . ^ 

The main constituents of the atmosphere were thus recognized to U 
oxygen, nitrogen, carbon dioxide and water vapour, wi » * 

traces of ammonia. In addition to these, it is now known that an 
manner of other substances occur in traces, e.g.. hydrogen. <*- 
carbons, hydrogen peroxide, carbon dioxide, sulphui »ompouiu s, 
organic matter, suspended solids, chlorides, ozone, water vapour, 
argon, helium, krypton, neon, xenon, etc. 1 he live gases a > naim < 
are sometimes called the " noble gases " or the niert gases o 1 
atmosphere, and are discussed below (page 551). Dust is also 
m air. Thus the outside air in London contains from to >• 

particles per c.c., whilst inside a room as many as 2 . 000 , 01)0 may t>e 
present. Over the Pacific Ocean from 280 to 2200 per c.c have been 
counted. Micro-organisms of various kinds abound in the* lower strata 
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of the atmosphere. These cause putrefaction, fermentation, and 
pathological phenomena. When filtered through asbestos or cotton¬ 
wool, air is freed from dust particles, and when a beam of light is passed 
through dust-free air, it will no longer reveal a multitude of motes 
constantly in motion. The space is optically empty. 

§ 3 The Constituents of the Atmosphere 
Oxygen and Nitrogen 

Some of the early workers believed that the proportion of oxygen 
and nitrogen in air varied with respect to time and place, as well as 
the state of the weather; but the analyses of Cavendish, Macarty, 
Sir H. Davy, and C. L. Berthoilet rendered it highly probable that only 
a minute difference is to be found in the proportions of these two 
elements with air collected in different localities, and this is confirmed 
by analyses conducted more rigorously with all the refinements known 
to chemists. 

The following analyses are quoted to illustrate the percentage 
amount of oxygen in air: 


Locality 

Minimum 

Maximum 

Mean 

Number of 
analyses 

Analyst 

Scotch Hills . 

20-80 

21-18 

20-97 

34 

R. A. Smith 

Paris 

20-913 

20 999 

20-96 

100 

V. Regnault 

Dresden 

20-88 

20-97 

20-93 

46 

\V. Hem pel 

Cleveland. Ohio 

20-90 

20-95 

20-93 

45 

E. W Morley 


Hence, after making due allowance for differences in the methods 
of analysis by different men, it is clear that the relative proportions 
of nitrogen and oxygen in the air collected near sea-level are almost, 
but not quite, constant. 

Carbon Dioxide 

Similar remarks apply to the amount of carbon dioxide. This is 
rather higher in towns than in the open country; but diffusion of 
air by winds, etc., prevents an excessive accumulation in any part— 
excluding, of course, badly ventilated rooms. Thus, J. Reiset (1882) 
found 3 027 volumes of carbon dioxide per 10,000 volumes of air in 
Paris; and near Dieppe, 2-042 volumes. These numbers may be 
regarded as normal. I he air over the Antarctic ocean contains about 
2-05 parts of carbon dioxide per 10,000 parts of air. This is rather 
less than has been noted elsewhere. The proportion of carbon dioxide 
in air at high altitudes is less than near sea-level. In towns, during a 
fog, seven or eight volumes may accumulate; and in badly ventilated 
rooms, ten times the normal amount of carbon dioxide may be present. 
The other constituents—excluding moisture—are usually regarded as 
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imparities. The constituents of normal or average air occur in the 
following proportions: 

Table XXXVI —Average Composition of Atmospheric Air 


Per cent ol 

By weight 

By volume 

Nitrogen . 

75-51 

23-15 

1 -30 

78-03 

20-99 

Oxygen . • • 

0-95 

Inert gases . • 

004 

0-03 

Carbon dioxide . 


Ozone, Hydrogen Peroxide, and Nitrogen Oxides 

The ozone and hydrogen peroxide are probably tormed by electncaJ 
discharges in the atmosphere as md.cated prev °usly 1The same 

remark applies to the oxides ol nitrogen, ‘ret * nerallv the 

reported in the atmosphere of tropical regi .. , b . (1889) 

nitric acid is combined with ammonia Accordnig to A. Le > ^ JJj 

about 3 lb. of ammoniacal nitrogen and 1 lb of nd d f st ri cts tte 
to the earth oer acre per annum with the rain. In rural districts the 

soil is said to deceive ^between 4 and 6 lb. of combined nitrogen per 
acre per annum from the rain. 

Ammonia , . 

The ammonia in the atmosphere is }****#>* the iofmoi 

decomposition, and it is returned to the <ar n'lnhite or chloride 

ammonium nitrate, and sometimes as ammomu > 1 


Hydrogen and Hydrocarbons 



19 
and 

hydrocarbons, uauucr b cmiumiv ~ r inn metres of 

air °^The U pi^sence of ^hyJrowrbons jcx plains^^rac t cr 
of the deposits which form on roofs, leaves o ’ 

Sulphur Compounds .... . - 

A. Ladurcau (1883, reported 18 c.c. of sulphur dtox.de- per cubic 

metre in the air ol Lille. Sulpl.ur compoum ar pru ^ 

quantities as hydrogen sulphide, 5«ulph ur 1 , )7 i n, 
in the air of towns. According to K. Warru^ton (1W.L ^ 

of sulphur trioxide is annually pound I > ‘ j 00 -> ti7 

at Rothamstcd. G. H. Hailey (1892) reported ajnaxmium ol O O.b. 

gram of sulphur expressed as sulphur tnoxi i | 
near the surface of the ground in Manchester. 
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Chlorine Compounds 

Rain near the sea brings a certain amount of chlorine derived from 
the sea-water. The proportion of salt in the air is greatest near the 
sea, and diminishes rapidly farther away from the coast. E. Kinch 
(1900) found, as an average of twenty-six years' observations at 
Cirencester, that 36-1 lb. of sodium chloride per acre were brought to 
the earth with the rain. The amount of " wind-borne ” sea salt is 
greatest when the wind blows from the sea. Free hydrochloric acid 
derived from manufacturing operations is sometimes found in the air 
of towns. 

Moisture 

The average amount of moisture, aqueous vapour, in air is rather 
less than 1 per cent, by volume; it may reach 4 per cent, in humid 
climes. The actual amount of aqueous vapour air can carry before 
it is saturated depends upon the temperature. The higher the tempera¬ 
ture, the greater the amount of moisture air can carry. Air seldom 
contains less than 75 per cent, of the possible amount it is capable of 
holding; but much depends on the local conditions—e.g., in the 
Libyan desert it contains but 9 per cent, of the possible amount. 

§ 4 Is Air a Mixture or a Compound ? 

It is not quite clear to what extent the compound nature of air was 
seriously believed in, but there seems no reason to doubt that for a 
period after Lavoisier the possibility was at least seriously considered. 
Consequently, it is of some importance to consider the arguments 
which are now held to demonstrate conclusively that air is a mixture. 

These arguments may be summarized as follows: 

(i) Although the proportions of nitrogen and oxygen show remarkably 
little variation, variations do in fact occur which lie outside the range 
of experimental error. 

(ii) The characteristic properties ot air are those which would be 
expected for a mixture, in the known proportions, of oxygen and 
nitrogen, being a mean between those of the constituents. In general, 
it is known that the physical properties of compounds bear little, if 
any, resemblance to those of their constituents. 

(iii) No heat, no change in volume, or any other sign oi chemical 
change is observed when air is made artificially by mixing oxygen and 
nitrogen together in the right proportions, and the mixture behaves 
like air. 

(iv) The constituents of air can be separated by mechanical means: 
e.g., solution in water (page 194); by diffusion (page 26); by allowing 
liquid air to vaporize, when the nitrogen distils off before the oxygen 
(page 41); and J. Dewar has shown that when solidified air is exposed 
to a magnetic field the oxygen is sucked out of it towards the magnet's 
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poles " so that solid air appears to be a magma of nitrogen and oxygen " 

Tr^tuK‘ a .r. it • compound, mould b. about N„0.. « 
possibly N,0. In either case the vapour density of such a gas mould 

be many times that found for air. . • u nf -n taken 

Not one of these five reasons is in itself conclusive. but all taken 
together form a long chain of circumstantial evidence which ead to 
thf verdict: Air is a mechanical mixture of nitrogen, ox>gen. etc. 


§ 5 The Analysis of Air 

The gravimetric amdysis bj 

i rC rr Dumaf e a n „i £u " niault (1841) in an apparatus similar in 
principle ^"tha^'i'uust rated Aig. 23.2 where a modern furnace ,s 



m 


m 

w 


0 ® 


F,o 23.2,-Dia^.^—« «w ni -c Analysiso, Air 

1 1 I .k,rr,ni furnace and the number of drying 

shown tn place ol the old <-|>arc >. 1 ' ( wa> evacU ated. closed, and 

tubes has been reduced. A larg >, was connected as indicated in 
weighed in that condition. copper a j M > evacuated. 

w« with • “ l“ ^ with sene. .( 

closed, and weighed. ' A 1 ', Ira u<l sulphuric acid to remove 

bulbs, and tubes containing • wlt j, potassium hydroxide to 

moisture and ammonia from the atr. ^ ^ ^ ^ *d by i)unias and 
remove carbon dioxide- only a 0 I lu re may be a witness tube 

Boussingault are shown in the < taj., • tube is free from carbon 

to show that the atr which co,.|>cr was heated red 

dioxide and moisture. 1 he tub L , ra du*illv opening the stopcocks, 

hot, and air allowed totmtc,■**&%*£££ d a „ L the nitrogen 
The air on its way to the glass gtobt was acpri^ _ us was coolod . 

(atmospheric). When the ^ ‘weighed The increase m weight gave 
and the globe and copper tube b Thl . tu | K . was also weighed, 
the amount of nitrogen in ‘he fe oxygen which was 

Its increase in weight represented the e.gm g 

associated, as air. with the nrtrog enm the cxhausted and 

contamed some nitrogen. 1 nt 
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weighed again. The difference between the second and third weighings 
of the tube was taken to represent the nitrogen which must be added 
to the nitrogen in the globe. 

As a mean of six determinations they obtained 23 005 grams of 
oxygen per 76-995 grams of nitrogen. The gravimetric process is very 
exact. The error need not exceed 000001th part of the whole; but 
the experiment requires special apparatus, and occupies much time. 
Volumetric processes are not so exact, but they occupy far less time. 


Volumetric Processes 

Of volumetric processes, the most accurate is to explode a mixture 
of a measured volume of air and excess hydrogen confined over mercury 
in a eudiometer. The hydrogen combines with the oxygen to form 
water, which condenses, so that one-third of the contraction which 
occurs is equal to the volume of oxygen present initially. 

Another convenient method is by means 
of Hempel’s apparatus (Fig. 23.3). This 
consists of a levelling tube L and a burette 
E connected by means of capillar)’ tubing 
D to a Hempel pipette A BC. The pipette 
contains a solution of 10 grams of pyro- 
gallic acid in 200 c.c. of a solution made 
from 160 grams of potassium hydroxide 
and 130 c.c. of water. Enough water is 
poured into the levelling tube to fill the 
burette and the connecting rubber tubing. 
The levelling tube is then raised, the 
three-way tap 7 being turned so as to 
put the burette in communication with the 
air, until the burette is full of watei A 
suitable volume of air is then drawn into 
the burette by lowering the levelling tube 
and the tap T is closed. The levels are 
adjusted and the volume of the air read 
off. The levelling tube is raised and the tap T is now turned carefully 
so as to put the burette and pipette into communication, thus driving 
tin* air over from the burette into the pipette until the water from the 
burette reaches about half-way up the right-hand portion of the capil¬ 
lary tube .*1. The tap T is then closed and the pipette gently rocked 
for five minutes The tap is then turned again and the air brought 
back into the burette by lowering the levelling tube until the liquid from 
the pipette just fills the capillary tube D again The tap is once more 
closed the levels are adjusted and the volume of the air remaining is 
read I he process is repeated until no further change in volume occurs. 
The contraction in volume then represents the amount of oxygen pre¬ 
sent initially in the air. 



l ie. 23.3.—Hcmpcl's Apparatus 
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§ 6 The Inert Gases. History and Preparation 


History 

In 1785 Cavendish subjected a sample of air to the action of electric 
sparks, and absorbed the oxides of nitrogen so formed in caustic alkali 
solution. When no more contraction would take place, he added 
more oxygen and continued the sparking. When, at lengt . t\en a ter 
the addition of yet more oxygen, no further contraction could be 
brought about, he removed the excess oxygen with liver of sulphur 
(potassium pentasulphide, page «04) and found that there remained a 
small bubble of gas which could not be absorbed by these processes. 
Cavendish concluded, as a result of these experiments, that t 
is any part of the phlogisticated air (= nitrogen of our atmosphere 
which differs from the rest and cannot be reduced to nitrous acidh we 
may safely conclude that it is not more than T ._.„t par o c : 
This result obtained by Cavendish proved eventually to be remarkable 

accurate for the date at which it was obtained. , 

The importance of this observation was not realized for more than 

a hundred*years until, in 1802. Lord Rayleigh, in th e c ™™ of ® 
of very accurate determinations of the dcnsi ics» o t 
monergases, found that the density of nitrogen ^nvedfron heatr 
bv removal of oxygen, carbon dioxide, moisture, etc., \\a* about 0 47 
per cent greater than the density of nitrogen prepared from ammonia 
etc The difference is much larger than the expenmentj ermr involved 

in the determinations and so some other cuum - ^ dlotrope in 

suggestions were made such as the presence of a heav y a lot rope m 
suggestions were maut u hydrogen in the chemical nitrogen ; 

atmospheric nitrogen (e.g.. i> 3 ) or ol n > tir . .. > 1M( i .. ms .. 

but these hypotheses were soon shown to be unUMia 

of the discrepancy to be the presence of a n k * xir 

This gas was isolated by Ramsay in lb.>4 > * • £ •* ovefsJiMited 

from carbon dioxide, etc., lust, the oxygen \. P* magnesium 

copper, and then the nitrogen by passage over ma^KSiutn. 

Under these conditions: (A CA C\ 

2Cu + 0 2 = 2CuO, | ( | 

3Mg 4- = Mg 3 No. 

The new gas, to which the name argon was given fro™ about 

S.'Zu “.Lie 4*»u 

ICyieigh.«! hS 

KSTSS t'XSZXol argon, krypton and xenon, which 
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were found to fit into the Periodic Table between the strongly electro¬ 
negative halogens and the strongly electro-positive alkali metals (see 
§ 7 below). 

The last member of this family is the radio-active gas niton, or radon, 
which is formed as a result of the radio-active disintegration of radium 
(page 895). It was first recognized and investigated in 1902 by Ruther¬ 
ford and Soddy. With its discovery the family of Inert Gases became 
complete. 

Preparation 

Helium is now extracted in quantity (see below) from natural gas 
and certain minerals; radon is obtained as a product of radio-active 
change; for the remaining members of the Inert Gas family the 
atmosphere is the only available source. 

Two methods are available for this extraction, both ot which were 
employed by Rayleigh and Ramsay during their investigations. 
These are: 

(i) the removal, by chemical means, of all other constituents; 

(ii) the fractionation of liquid air. 

The chemical method of extraction by sparking derives, of course, 

from Cavendish and was much im¬ 
proved by Rayleigh and Ramsay, 
whose apparatus is shown diagram- 
mat ically in Fig. 23.4. 

It consists of a large flask ot about 
50 litres capacity, closed by a rubber 
stopper. It was furnished with two 
substantial p»atinum electrodes; with 
tubes for the circulation of strong 
caustic alkali solution, and with a tube 
for the admission of a mixture of air 
and oxygen, containing approximately 
9 parts of air to 11 parts of oxygen. 
Cooling was effected by passing the 
alkali solution through a worm con¬ 
denser. The alkali solution circulated 
in a closed system so that no argon was 
: A through solution in it. By this means, the nitrogen is removed 
from the air by combination with oxygen to form nitric oxide and 
niirogen peroxide, as in the fixation of nitrogen by the arc process 
(page 4l(>). The reactions which occur are indicated by the equations: 

X, + 0, = 2NO. 

2X0 -f 0 2 = 2N0 2< 

2NO., + 2NaOH = NaNO, + NaX0 3 + H 2 0. 

The argon (and other inert gases) accumulate in the flask. The com- 


7o Tneifo/ratr 



Fig. *23.4.—Raylcigli and 
Ramsay's Apparatus 
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plete separation of the higher members of the series from the argon 
is only effected by liquefaction and subsequent fractionation. 

Ramsay also used hot magnesium for the removal of the n,t «>gen. 
but this reaction is very slow. A more efficient modification of this 
process is the use of calcium carbide, mixed with about 10 per cent, 
of calcium chloride and heated to «(K) C . Both oxygen and nitrogen are 
absorbed according to the equations: 

CaCj + Nj = CaCN 2 + C, 
c + o, = CO*. 

Industrially the inert gases are obtained by the 
liquid air-a development of the method employed by ^yleigh and 
Ramsay in the later stages of their investigations The boiling points 
of the various gases are, at 7GO mm.: 


Helium 

Neon 

Nitrogen 

Argon 

Oxygen 

Krypton 

Xenon 


- 208 C. 

- 245-9° C. 

- 195-8* C. 

- 185-7° C. 

- 183° C. 

- 152-9° C. 

- 108 “ C 


from which it appears that the helium and neon have boding points 
very considerably below that of nitrogen. 1 ^ escape 

ordinary nitrogen separation process (page ^ . » above the 

liquefaction and there accumulates in the ed 

liquid, a mixture of nitrogen, neon and 

through a spiral column situated in the strea PV ^ j y^e 

with the result that most of the nitrogen . contains «s 

remaining nitrogen is removed by chtrmc h linm (the nropor- 

carbide,. 6 The „p r ,i«n ^£1 TC 

tions are usually about 3 parts ol “ L<> , • , , solidities 

effected, either by cooling in liquid hydroge . , h fiases in 

and the helium passes on. or by selective adsorption^of he gast^ui 
charcoal at a low temperature. Commercial neon usually contains 

about 2 per cent, of helium. , c nnt tir ahove that 

The boiling point of argon is very close 0 - effected in a special 

of nitrogen, hence its separation is difficult an i^eRectcd m a specuu 

.i, U being circulnnrd P f r,,ul 

Ste.". S „1" oxygen. Argon „ <b» removed 

from the descending liquid and oxygen from the■ pending vapour. 
The same process is then continued in a second column after 
the last traces of oxygen (and nitrogen) are removed chemically. 
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§7 Helium, He 

Discovery and Preparation 

In 1868, P. J. C. Janssen detected a prominent orange line in the 
spectrum of the sun’s photosphere which did not correspond with the 
spectral line of any known element. Hence E. Frankland and J. N. 
Lockyer suggested the existence of a new element to which the name 
helium (from 17 A 109 — helios —the sun) was given. The same line was 
later detected in the spectra of certain stars, and in 1882 Palmieri 
observed it in the spectrum of the gases flaming from Vesuvius. 

In 1882 Hildebrand had reported the presence of a gas which he 
identified as nitrogen, occluded in certain minerals such as cleveite (a 
variety of pitchblende), fergussonite, broggerite, uraninite, etc. After 
the discovery of argon it was suggested to Ramsay that he should 
examine this occluded nitrogen to see if it contained any argon. His 
examination showed that the gas contained no argon, nor did it consist 
of nitrogen but was, in fact, helium. A little later the presence of 
helium in the atmosphere was established; it has also been detected 
in the gaseous emanations from certain springs, and it occurs to the 
extent of almost 1 per cent, in the natural gas of the U.S.A. 

Helium is now an important article of commerce, particularly in the 
U.S.A., where it is extracted from natural gas and has been used for 
filling airships. Its extraction from certain minerals, in particular from 
monazite sand (which contains about 1 c.c. per gram of sand, page 747), 
is also assuming commercial importance. Its presence in these minerals 
is the resist of radio-active changes taking place in certain constituents 
of the mineral. The helium is obtained from the natural gas by liquefac¬ 
tion and subsequent fractionation; it is removed from monazite sand 
by heating to 1000 °. 

Properties 

Helium is a colourless, tasteless and odourless gas, with a density of 
2 001 (H 2 = 1), so that, next to hydrogen, it is the lightest gas known. 
It can only be liquefied with the very greatest difficulty. Like hydrogen, 
it does not cool itself on expansion through a small jet at ordinary 
temperatures, and in fact must be cooled to - 258° before this process 
will work. It is. therefore, cooled first in boiling liquid hydrogen. It 
was first liquefied by Kamerlingh Onnes in 1907, and was solidified by 
Kecsom in 1920. By the rapid evaporation of liquid helium, under 
reduced pressure, a temperature of only 0 82° above the absolute zero 
was reached. 

In common with the other members of the Inert Gas family, helium 
is usually supposed to form no compounds, and hence its Atomic 
Weight has not been determined by chemical methods, although the 
existence of compounds with tungsten and mercury' has been reported. 
Thus Boomer in 1925 claimed that electronic bombardment of helium 
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in presence of tungsten leads to the formation of a compound, \V He,, 
and Manley in 1927 reported that when subjected to a glow discharge 
mercury in contact with helium forms HgHe or HgHe,. The existence 
of these compounds has not been confirmed and is very doubtful. 

The atomic weight of helium has been evaluated from the determina¬ 
tion of the density and the ratio of the two specific heats of the gas. 
This latter ratio, as found from measurements of the velocity of sound 
in the gas, is 107. indicating that helium is monatomic and hence ha* 
an atomic weight equal to twice its density compared to h>drogen. 
The value at present (1950) recommended by the International Com¬ 
mittee is 4 003. 

Uses 

Helium was used in the United States for tilling airships for, although 
it is not so light as hydrogen, its lifting power is still 92 per cent 
of that of the 6 latter gas. and it possesses the great advantage of 
non-inflammabiiitv. It also has the advantage over h>-drogen of 
escaping less readily by diffusion through the material o he gas-tag* 
By reason of its very slight solubility ,n the blood t » beingused as a 

diluent for oxygen in modern diving apparatus. <■ { -ion of 

solubility of nitrogen in these circumstances causes ‘onnatio 
bubbles in the blood when the pressure is released, a trouble known 

as caisson disease. 

§ Neon, Ne 

Discovery and Preparation 

Neon was discovered in 1898 by Ramsay and Travers who suspected 
that a gap ex s“d in the family of Inert Gases previously discovered. 
It w^ fsolaLd by the liquefaction of IS litres of crude argon and frac- 

tionation of the resulting liquid. , , UnnM'irtion 

Neon is now manufactured from the atmosphere by liquefaction. 

as described above (page 553). 

*221 a colourless, tasteless, odourless gas .having » ^s.ty of 
about 101 fH = 1). Hence its atomic weight (since it is '°un 1 t 

a monatomic gas) is 20 2 approximately II he "^ture 

by the International Committee is -U ; . . . s t u c f irst 

of three isotopes of mass 20, 21 and — Evidence ol the exis- 

non-radio-active element lor which unmista a u 

tence of isotopes was obtained (cf. page 13 ). 

US Neon is very extensively used in discharge tubes ^ adverting 
purposes, since, when subjected ^^“^actcristic orange-red 

rilLTiWAy obtained by admixture of a 
Kte mercury 0 vapour with neon Argon and mercury vapour are 
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similarly used for producing a blue or green colour, and the so-called 
ripple tubes contain a trace of an organic compound in addition to the 
Inert Gas or Gases. 

§ 9 Argon, A 

Argon is manufactured in considerable quantities from liquid air, 
as described previously. 

It is colourless, tasteless and odourless; its density is 19*97 and, 
since it is monatomic, its atomic weight is 39-944. Its atomic weight 
is thus higher than that of potassium, although it should be lower 
according to the relative positions of the two elements in the Periodic 
Table. This anomaly was lor long unexplained, but is now known to 
be caused by the preponderance of the heaviest of the three isotopes of 
which argon is composed (page 136). Argon is appreciably soluble in 
water, more so than either oxygen or nitrogen. It is not known with 
certainty to form any compounds, although the existence of a hydrate 
A.5 or 6H 2 0 has been reported (Villard, de Forcrand. 1902) and Booth 
and Willson (1935) obtained a freezing-point curve tor mixtures of 
argon and boron trifluoride which is said to indicate the existence of a 
series of compounds A.(BF 3 )» where x = 1, 2, 3, 6, 8 or 16. 

Uses 

Argon is used to some extent, as mentioned above, m discharge 
tubes for illumination; but its principal use at present is in the manu¬ 
facture of " gas-filled ” lamps, in which it is very much more efficient 
than nitrogen, probably on account of its monatomicity. 

§ 10 Krypton and Xenon, Kr and Xe 

Krypton and Xenon were discovered by Ramsay and Travers in 
the final residues from the evaporation of liquid an They are present 
only in very minute proportions in the atmosphere and so far have not 
found any practical applications Their use in place of argon in 
electric lamps is said to increase still further the efficiency of the 
lamps, but their extraction in sufficient quantity tor this purpose would 
involve the handling of enormous quantities of air Hydrates of both 
elements have been reported. 

The proportions of the Inert Gases present in the atmosphere are 
given in Table XXXVII 

r able XXXVU —Proportions of ineri Gases in Air 


Gas 

Number o» Volumes ol Air 
containing 1 Volume 

Helium 

200.000 

N eon 

05.000 

Argon 

io a 

Krvpton 

1.000.000 

Xenon 

11.000,000 
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Very accurate determinations of the densities of krypton and xenon 
(using an improved form of micro-balance, page 22) were made in 1331 
by Whytlaw-Gray and his collaborators. I heir results lead to the 
values for the atomic weight of 83-7 and 131-3 respectively, an esc 

are now the accepted values. , A .. 

Like argon, these gases are believed to form hydrates, and the 

isolation of a crystalline hydrate of xenon has been reported. 

§ 11 Niton, or Radon or Emanation, Nt, or Rn or Em 

This gas is a product ol radio-active decay, is itself radio-active and 
exists three isotopes; one in each of the three radio-active senes 

“'r.ll'SS RKW . radium m when«^uaruru 

of oxygen and hydrogen (produced owing to the large amount of 
energy ^liberated when radium undergoes radio-active change, and 
radon is produced. The radon is separated from this mixture b> 
passage through a tube cooled in liquid air. when it is condensed to a 

'^Radon is only tormed in very minute quantities, the largest amount 
so far obtained^pure being 0 0007 mgm. /lhis is in part^owmg to the 

small amount of radium (or other radio-active source » the gas) 

available, and in part to the shortness of its pi termined bv 

(see page 897). The density of the gas from radium dn,,dbj 
Ramsay and Whytlaw-Gray in 1910 by means o he n 
and found to be' 111 - 5 . corresponding to an atomic ^'b 1 ' -- 

Theoretical considerations (o-rav change ^om a • . 

indicate that its atomic weigh, should be 222 . iheP'sent nu 
national " value is 222. The other two isotopes MU haxe .domic 
weights similarly of 218 and 220 , according s . ° 

actinium or thorium series. 


§ 12 The Inert Gas Family of Elements 

^ n of the Periodic I able and fall 

The Inert Gases com P" sc 1. electronegative halogens 

(Groj^\°ilB) and'thc'strongly ^member Vo 

existence has been accepted beyond 1 c ' oniparlson is virtually 

been reported are extremely k« 1,1 1 ,r„i.tion of these is well 

restricted to the physical properties. Tin- gradation of these is 

illustrated by * h c fisu*® 8 'J itfefartorily’on Lothar Meyer s 

A,SSe'7oun4». bu.uw . M ««-. «. 

the rising portions of the curve (page - 
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Table XXXVIII.—Properties of the Inert Gases 


Property 

Helium 

Neon 

Argon 

Krypton 

Xenon 

Radon 

Atomic Weight 

4 003 

20-183 

39-944 

83-7 

131-3 

222 

Melting Point 

- 272° 

-248-67° 

- 189-3° 

- 156-6° 

- 111-8° 

-113° 

Boiling Point 

-268-9° 

-245-9° 

-185-7° 

- 152-9° 

- 108° 

- 65 c 

Critical Temp. 
Critical Press. 

-268° 

-228-7° 

-122° 

-63° 

16 6° 

104° 

(atm.) 

2-26 

25-9 

48 

64 

58-2° 

62 

Compressibility 
(X. page 104) 
Solubility 
(Vols. in 1 

Vol. of water 

- 00005 

-0-0004 

+ 0-001 

0-0025 

0-0069 

0-018 

at 0°) 

001 

0 0114 

0-0058 

0-1249 

0-242 

0-5 


In accordance with present views of atomic structure (cl. Chapter 9) 
the atoms of the Inert Gases have completed groups of 2 or 8 electrons 
in their outer shells and these are very firmly held so that there is no 
tendency to form ions or ordinary covalent links. The only possible 1 
way in which compound formation could occur would be by the forma¬ 
tion of co-ordinate links in which the Inert Gas atom would be thel 
donor. 1 his would be the explanation of the formation of hydrates 1 
and of the compounds of argon with boron trifluoride if their existence 
is confirmed [vide supra). Those compounds with few molecules of 
boron trifluoride would be formed by means of co-ordinate links between 
argon and boron atoms; the larger molecules would involve co-ordina¬ 
tion from fluorine to boron. 














CHAPTER 24 

METALS 


§ 1 General. Occurrence 
In an earlier chapter (Chapter 8) the rough 

sms Ss 

SSflS 

°‘ SEttS-MTS sS£? KS £? 2SZ 

(that is. in the free or elemental con rtxiion). majority have to 

occasionally occur free (e.g., copp • r, * _ • * \inine metallic coin- 

be extracted from ores which 

pounds. These minerals are us* '*' " ^ver ,im are obtained some 
tively worthless material so that elimination of the unwanted, 
degree of concentration of l process ""'extraction of the metal 

material is necessary before the i sometimes referred to 

itself can be undertaken. These processes are sometimes 

as mineral benefication. orinciivd metals and indicates the 

Table XXXIX gives a list of the pr.i«< The proportion of 

nature of their more important o f n( samplcs alu l the lower 

useful constituent varies greatly im profitable depends on the 

limit, below which ext.ract.on lleconu* .*"P^ c ' 0 J mc± Thus, 
nature of the ore and upon the v ‘ can bc profitably worked 

deposits of galena (the P r »> cl P-‘' ' , ‘ of tlu . metal; but ores of tin 

if they contain 5 per cent., or ’ bcen , (U . n ,ly dealt with and 

containing less than 1 per cent, hj . similarly gold has been 

5 per cent, would constitute a rich dc.pennyweights 
successfully extracted from ma e • ^ radium is worth winning 

per ton (not quite 0_(K) 0o « t )ie extent of only 5 mgm. 

from a mineral in winch it 1”\ “m ;„ n \ 
per ton (less than one part in -0<J m 

§ 2 Mineral Benefication 

The concentration of the ^J^metalhirgisP to obtain from it a pure 
obtain a product suitable for the preliminary treatment. 

confined to large-size materia . ind | ur crushing, 

followed by an after-treatment af^ b 



Taule XXXIX.—Mineral Occurrence of Principal Metals 
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Preliminary treatment 

In the preliminary treatment the crude mineral is reduced in size 
to lumps of between four inches and six inches, if larger than this, and 
any adhering material, or mud, washed off with sprays of water. The 
lumps are then fed on to a moving belt and, where possible, the lumps 
of unwanted rock are picked off by hand. The remainder is then 
further crushed to the size of gravel and finally fed to a stamping mill, 
or ball mill, for conversion to “ sand " or “ slime ” for after-treatment. 

A fter-treatment 

There are three main types of after-treatment. These are: 

(1) Methods depending upon differences of specific gravity, such as: 

(а) mechanical washing with water; 

(б) dense medium separation (for which a medium is chosen in 
which the less dense constituents of the ore will float and the 
denser ones will sink). 

(2) Methods depending upon the chemical composition ol the 
mineral, e.g.: 

(a) the flotation process; 

(b) solution methods. 

(3) Methods depending upon electrical or magnetic characteristics. 

such as: 

(a) magnetic separation; 

( b ) electrostatic precipitation. 

As an example of the use of methods !(<*) and (6) the concentration of 
galena (mainly lead sulphide) occuring in limestone may be quoted. 
Thus, in a mnning stream of water the particles of galena sink to the 
bottom whilst the less dense limestone is carried away. Similarly, in 
a suitable dense liquid limestone (sp. gr. c. 2-5) would float while 
galena (sp. gr. c. 7-5) would sink. 

Flotation methods 2(a) are widely used. A good example of their 
use is the separation of galena and zinc blende (chiefly zinc sulphide) 
from the quartz and felspar with which they are often associated. For 
this purpose a small amount of potassium cyanide and of slaked lime 
is mixed with the mineral being crushed in the ball mill, from which 
it emerges in the form of a slurry, or pulp, with water. Pine oil, or 
cresylic acid, and a very small, carefully regulated quantity of potas¬ 
sium xanthate (potassium dithiocarbonate, K 2 COS 2 ) are then added 
and the whole is agitated by means of air until a froth is formed. 

The potassium cyanide and the slaked lime exert a selective action 
on the surface of the zinc blende so that when the pine oil and potas¬ 
sium xanthate arc added only the galena is carried over in the froth. 
After the removal of the galena in this way. a little copper sulphate is 
added to the residue followed by further small quantities of pine oil 
and potassium xanthate. Further agitation by air now creates a froth 
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which contains zinc blende which is carried over and so separated 
from felspar, quartz and other materials which are unaffected by anv 
of the substances added. This method is found to be most successfu 
with sulphide minerals; oxides, carbonates or silicates give less satis¬ 


factory results. , , . . , 

The extraction of gold (page 635) is a good example of the use of a 
solution method 2(6); magnetic separation is used for the removal 
of wolframite (the principal ore of tungsten) from tin concentrates 
(page 818). 


§ 3 Extraction of Metals from their Ores 

The methods employed for the extraction of metals from the con¬ 
centrated ores, in a more or less pure condition, may be summarized 

as follows: » . 

(1) Reduction of the oxide with hydrogen (e.g.. tungsten). 

(2) Reduction of the oxide with carbon or carbon monoxide (e.g., 

iron, zinc, tin). . . , . .. 

(3) Reduction of the oxide with aluminium (tl mute process, e.g.. 

(4) Oxidation (autoreduction) of the sulphide (e.g.. copper, lead, 

mercury). . 

(5) Reduction of the sulphide with iron (e.g., antimony). 

(6) Electrolytic processes (e.g.. sodium, magnesium, calcium. 

'^Special methods (e.g., cyanide extraction of silver, carbon 

“it!” "Sc* m anv par.icu.a, **** >'*• 

chemical nature of the ore and the properties of the metal 
It maybe noted that a great many workable metallic ores .at*.^u\\ 
whereas suitable extraction methods may involve c i 
oxide. In such cases (as also when the ore is a carbonate) a P rc, *" 1,n ^ r > 
roasting is necessary in order to convert the ore i ■ ■ • 

the extraction of zinc, page 670.) This preliminary’™ s ^ i £ d a £ 
necessary for the production of the proportion o q 

autoreduction methods. (Cf. lead, page 736.) 


§ 4 Properties of Metals 

Some of the more obvious properties of metals have been moutioned 
already in Chapter 8. Thus, they are good conductors of he a and 
electricity, they are opaque to light (except in very tlun layer. I am 
they are very good reflectors. Many metal* also emit electro s I n 
heated. These properties are explained by the presence of free electrons. 
AH metals are crystalline, although this is not obvious 1"^'" ££ 
metrical boundaries of the crystals arc not oftcn obscrvcd. th \ 
are constructed from simple space-lattices (page 171) in which the strue- 
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tural units are the ions of the metal and free electrons are contained in 
the crystal in some way which is not yet completely understood. 

At the same time metals exhibit other properties, such as hardness, 
melting point, thermal expansion and compressibility, which show 
large variations from one metal to another. Thus, while the melting 
point of mercury is -39°C., that of tungsten is 3300° C., while 
coefficients of thermal expansion and of compressibility likewise vary 
enormously. These properties depend upon the differences between the 
crystal structures concerned and not, like the former ones, on some one 
constant factor such as the presence of free electrons. 

As regards their chemical activity, metals similarly show wide 
divergences ranging from the extremely reactive alkali metals to the 
almost inert platinum group. In this respect, metals can be arranged 
in a series in order of their chemical reactivity which is the same as the 
order of the electrochemical series as has been mentioned above 
(page 208). 

The most active metals will liberate hydrogen from water. Many of 
them (e.g., the alkali metals and the metals of the alkaline earths) will 
do so at ordinary temperatures; others, such as magnesium and zinc, 
will react thus with steam at 100° C. Iron and steam react at a red 
heat; manganese and cobalt behave similarly. Metals below hydrogen 
in the electrochemical series do not liberate hydrogen from water. 

Many metals also liberate hydrogen from dilute mineral acids in the 
cold: in particular from dilute hydrochloric or sulphuric acid. Nitric 
acid usually yields oxides of nitrogen and not hydrogen, although 
magnesium and manganese can set free the latter gas with very dilute 
acid and under carefully controlled conditions. (Cf. page 647.) Again, 
metals below hydrogen in the electrochemical series do not behave in 
this way. 

The behaviour of metals towards oxygen is parallel to that with 
water and acids. At ordinary temperatures gold and platinum are 
unaffected; other metals, like copper, lead, tin, iron, chromium or 
aluminium, are slowly oxidized on the surface, but, since the film of 
oxide formed is continuous and the rate at which gases diffuse through 
it is very slow, further oxidation soon ceases. With metals like zinc, 
magnesium or calcium a discontinuous oxide film results so that oxida¬ 
tion continues at the initial rate although this may be quite slow. 

As with all chemical reactions the rate at which these processes 
occur increases with temperature so that the initial oxide films are 
formed more rapidly. If the oxide layer is discontinuous (as with 
magnesium or zinc) the metal undergoes rapid oxidation at high 
temperatures. Where continuous films are formed the initial rate of 
oxidation will again increase with rise of temperature but the extent 
to which oxidation will proceed in a given time will depend upon the 
rate of diffusion of oxygen through the oxide layer. On aluminium or 
chromium, for example, the oxide layer remains very resistant to 
diffusion so that the initial film, though formed more rapidly at higher 
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temperatures, thickens very slowly, if at all. On other metals, such as 
copper and iron, the rate oi diffusion increases considerably with rise 
of temperature and so the layer ol ox.de must become much thicker 
before the rate at which oxygen can reach fresh metal becomes negli¬ 
gible. With increasing thickness the tendency of he oxidei layer to 
crack becomes greater and this, in turn, increases the . ' 

Resistance to oxidation, at high temperatures, thus occurs " 

the oxide layer first formed becomes impervious to oxygen while it 

St The U act!o h n n ol oxygen on molten metals will d.fferaccord.ngto 
whether the oxide formed dissolves in the metal, a* it doe* in the c - 
of copper, or remains as a surface layer (or scum) as with aluminium 

Some of the results of the action ol pure oxv^en on metals are n™ch 
modified, when the effect of exposure to t e a ^ water 

consideration, owing to the presence of ot e g Daee G1U ) 

vapour. (Cf. corrosion of iron, page 8oo; patina on copper, p g 

§ 5 Oxides and Hydroxides of Metals 

Oxygen combines with all the metals lorminf; oxides ^almost all 

metals also form hydroxides; the pnncipa e. c p oxides are: 

The methods available for the preparation of metallic oxides 

(i) burning the metal in air as oxygen, e -S ’ 

(ii) burning the metal in steam e.g.. 1 g . • 

(iii) action of steam on the red-hot meta,.g.. ^ . 

(iv) decomposition of the hydroxide by * «T (' iO 

(v) decomposition of the carbonate bv e . 

(vi) decomposition of the nitrate by_>"* • •§^ xjde ’ pbO,. 

(vii) decomposition of a compound (« * 

Metallic oxides are insoluble ... water: which appear to dissolve 

(such as sodium monoxide, or calcium oxide) react with the 

to form the corresponding hydroxides, n n< ' ■ 

Metallic hydroxides can be obtained by the action . 

(i) water on the metal, e.g., ^ a ^® , * 

I! «'»•>« ■>'«* —• 

(iv) nuik of'limo on a solution ol a the metal, 

(v) sodium carbonate solution on a 

e.g.. Sn(OH) 4 ; . llHnfl 0 j a salt ot the metal e.g.. 

(vi) ammonia solution on a solutio 

Fe(OH),; Dre sence ol superheated steam, e.g., 

(vu) heat on the carbonate in present i 

Ba(OH) 2 ; 
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(viii) chlorine on an alkaline suspension of a lower oxide or hydroxide, 
e.g., Ni(OH) 3 . 

The choice of method is determined, as in the preparation of oxides, 
by the properties of the compound being made. 

Metallic hydroxides are mostly insoluble in water: the exceptions 
are those of the alkali metals, which are extremely soluble, and of the 
alkaline earth metals, which are sparingly soluble. Only the hydroxides 
of the alkali metals can be heated without change; the others all lose 
water, becoming converted into oxides (or, in the case of noble metals, 
the metal itself). 

§ 6 Metallic Carbonates 

Most metals (except those, like aluminium, whose hydroxides are 
very weak bases) form carbonates. These can be obtained by: 

(i) precipitation from solutions of salts of the metal by (a) sodium 
carbonate solution, e.g., CuC0 3 , or (b) sodium bicarbonate solu¬ 
tion, e.g., ZnC0 3 ; 

(ii) passing carbon dioxide through a solution of the hydroxide, e.g., 
CaC0 3 ; 

(iii) decomposition of the bicarbonate by heat, e.g., Na 2 C0 3 . 

Many metals also form basic carbonates (e.g., magnesium, calcium 
and lead). Some of these are important articles of commerce (e.g., 
white lead). 

The only carbonates which are soluble in water are those of the 
alkali metals but some bicarbonates are readily soluble in presence of 
excess of carbon dioxide. (The part played by the solubility of the 
bicarbonates of magnesium and calcium in the phenomenon of the 
hardness of water has been discussed on page 280.) All carbonates, 
except those of the alkali metals, are decomposed by heat yielding the 
oxide and carbon dioxide. The metallic bicarbonates are similarly 
unstable to heat. 

§ 7 Metallic Chlorides. Nitrates. Sulphides and Sulphates 
Chlorides 

Chlorides of all the metals are known and can be prepared by one 
or more of the following methods: 

(i) direct combination of the metal with chlorine, e.g., A1C1 3 ; 

(ii) the action of hydrogen chloride on the heated metal, e.g., 
FcC1 2 ; 

(iii) the action of hydrochloric acid on (a) the metal, e.g., SnCl 2 , or 
(b) the oxide, e.g., CoCl 2 , or (c) the hydroxide, e.g., CuCl 2 , or 
(d) the carbonate, e.g., CaCU; 

(iv) the action of aqua regia on the metal, e.g., AuC 1 3 , PtCl 4 ; 

(v) the reduction of a higher chloride, e.g., Hg 2 Cl 2 ; 

(vi) precipitation from a solution of a soluble salt, e.g., AgCl. 
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Almost all metallic chlorides are soluble in water exceptions being 
silver, aurous, mercurous, thallous, cuprous, and palladous chlorides, 
while lead chloride, which is sparingly soluble in cold water is soluble 
in hot. The chlorides, except those of the noble metals, are stable to 

heat. 

Nitrates 

Most metals, apart from some of the noble metals form'nitrates-and 
these salts can be prepared by suitable methods from the following 
list: 

(i) the action of nitric acid on (a) the metal, e.g.. CujNOj),. or 
(6) the oxide, e.g.. Pb(N0 3 ) s . or (c) the hydroxide, e g.. NaNO,. 

or ( d) the carbonate, e.g., Ba(N0 3 ) 2 : . , •» 

(ii) the action of sodium nitrate on the corresponding chlondt. e.g., 

kno 3 . 

All nitrates are soluble in water and all undergo some decomposition 
when heated. The nitrates of the alkali metals lose ox>g . . 

converted into the corresponding nitntes (page ) » * 

heavy metals lose nitrogen peroxide and oxygen eav 8 nitrate 
silver nitrate is converted into the metal itself and ammonium n 
is decomposed into nitrous oxide and water (page 4 o). 

Sulphides , , 

A great many metals occur naturally as sulphides (cf. TMeXX\^ 
These sulphides can also be prepared in the laboratory' by the following 

methods, viz.: 

(i) the direct combination of the metal with sulphur (usually ot. 

(ii) fheactionlf’hySogen sulphide on aqueous solutions of soluble 
salts of the metal concerned, e.g., Cub. 

(iii) reduction of the sulphate with carbon, e.g.. a , 

(iv) heating a mixture of the oxide with carbon and sulphur, e.g.. 

A1jS 3 . . , . 

Many sulphides are soluble in water, eg /hose ot ^, al ^ - n 
those of the heavy metals arc mostly insoluble. S up j.,,\idr 

air, are usually oxidized to the metallic oxide and u phu 
this is a reaction which is important in metallurgy I vide suf>ra I 
the absence of air sulphides are usually stable when heated. 

Sulphates . , . 

Sulphates ot most metals can be obtained by the usual methods 

preparing salts, such as: n 

(i) the action ot dilute sulphuric arid on (a) the metal e.g.. e. „ 
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or ( b ) the oxide, e.g., CuS0 4 , or (c) the hydroxide, e.g., A1 2 (S0 4 ) 3 , 
or (d) the carbonate, e.g., ZnS0 4 ; 

(ii) precipitation by addition ot dilute sulphuric acid or a soluble 
sulphate to a soluble salt of the metal, e.g., PbS0 4 ; 

(iii) the action of hot, concentrated sulphuric acid on a salt ot a 
more volatile acid, e.g., Na 2 SO, trom NaCl or NaN0 3 . 

Most metallic sulphates are soluble in water: the sulphates of lead, 
calcium, strontium and barium are the principal exceptions. The 
sulphates are also stable when heated. 


CHAPTER 25 


THE ALKALI METALS 


Potash is both wealth and weapon. Our ^/tnem^^rs^winu the 

power of causing grave injury to the ag «- M 1 purposes If raw materials 

export of salts so indispensable to them * . agriculture with this 

arc refused us. we shall revenge our^-Kes . ( -_y 0S si'che'Zt»tung (November 

war cry: " At the enemy with a kilo of pota. 

23rd. 1917). 

§ 1 Group I of the Periodic Table 

Group I of the Periodic Table comprises ^‘^"rublS'lnS 
two sub-groups viz.. I'thnim ^ • > )hvr and go | d constitute 

caesium in the A sub-group. \\mist 11 • . ttie table, the 

the B sub-group. As usual at the'«tre,n ; . not ver> . 

relationship between the element!, i elements—the A sub¬ 
marked, but each sub-group form* a famd> « ^ ^ 

group being very well defined . the 1 ~ elements of Group IA 

This is well seen m the propertn. ada tion of properties in 

which are known as the alkali me . s Jj , t ^, n ,l U p between them are 
both sub-groups and the extent of f } e It may 

discussed more fully at the end of «1 ivriociic Table immedi- 

be noted here, however, that they cant ...th r.o c a 

atcly after the Inert Gases which ^ C ^T'Vase the outer (or 

a very stable electronic cont.gurat.nt . c * on<ists „i a completed 
valency) group of electrons of th S* a sjng | 0 electron in the 
octet. Consequently, the alkali metal.. . . stronglv electro- 

outermost group, are characterized by be mg (orm an 

positive and persistently monovalent tl. J'.kK 
electro-positive monovalent ion is thus c . 


§ 2 Lithium, Li 


History and Occurrence the course of an analysis 

Lithium was discovered by Arfvcdson .j roin xiiUoi. stony) was 

of the metal petalitc. 1 he name 1 . confined l«» tin* mineral kingdom, 

given to it because it was then Ih*1k*\o M.iithU-sseii bv electrolysis of the 

The metal was isolated in 1855 by Hunsen and Mattm 

fused chloride. , . . dement 

Lithium is a rare, but .widely «»«» ri * ; hKh col 


number of 
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Preparation 

The principal minerals from which lithium and its compounds are obtained 
commercially are spodumene, lepidolite and amblygonite. 

Various methods have been employed for the extraction of lithium compounds 
from these minerals. They depend ultimately either upon the sparing solubility 
of lithium carbonate as compared with the other alkali metals, or upon the 
solubility of lithium chloride in alcohol (sodium and potassium chlorides being 
insoluble). 

The phosphates such as amblygonite are readily decomposed by acids, but the 
silicates react much less readily. One method used with the silicate minerals is 
to heat them to redness, when finely ground, with excess of potassium sulphate. 

I he aqueous extract of the cooled product then contains lithium sulphate from 
which lithium carbonate is precipitated by addition of potassium or ammonium 
carbonate 

In another process, the powdered mineral is fused with a mixture of barium 
carbonate, barium sulphate and potassium sulphate. Two layers result—the 
upper, consisting of lithium and potassium sulphates, is dissolved in water, 
treated with barium chloride and the lithium chloride extracted as before. 

1 he metal is readily made by electrolysis of the fused chloride, using a carbon 
anode and an iron cathode, and its production in this way is being undertaken 
technically now that uses of the element are becoming more numerous (page 571). 

Properties 

Lithium is a silvery white metal resembling sodium and potassium in appear¬ 
ance, but harder than they are, and with a higher melting point, viz., 180°. It 
has a density of only 0 534. which is lower than that of any other solid element 
at ordinary temperatures. It is fairly volatile, and its vapour imparts a carmine- 
red colour to a bunsen flame. It has the highest specific heat (0 0408) of any 
clement. 

Although chemically an active element, lithium is the least active o! the 
alkali metals. It burns in air with a brilliant white light resembling that of 
burning magnesium, forming the monoxide LijO; it does not readily form a 
higher oxide. It combines readily with hydrogen at a red heat, forming the 
hydride LiII. and also easily forms a nitride. Li 3 N, bv combination with nitrogen. 

It also combines directly with the halogens and sulphur. 

Lithium reacts with water, forming the hydroxide and hydrogen, 

2Li + 2H a O = 2LiOH -f H„ 

but the hydrogen does not catch lire even if the water be boiling; neither does 
the metal melt. As a strongly electro-positive element it reacts vigorously with 

acids. 

1 he atomic weight of lithium was determined bv Richards by conversion of 
lithium chloride to lithium perchlorate, and to silver chloride (page 98). His , 
value, ti-94, is that at present accepted. 

§ 3 Lithium Hydride, Oxides and Hydroxide 

Lithium hydride, LiH, formed by direct combination of the elements, is note¬ 
worthy in tliat electrolysis of the fused compound furnishes hydrogen at the 
anode When acted upon by water it gives off hydrogen, with evolution of a 
considerable amount of heat. 


Lithium oxide, Li.O. can be made by heating the metal in air or, more satis- 
lactorilv, by heating the hydroxide to redness in an atmosphere of dry hydrogen. 
Lithium oxide is a white powder which reacts slowly with water, forming a 
>olution of the hydroxide. I he reaction mentioned above is thus reversible; 

Li,G -f H a O — 2LiOH. 
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Lithium peroxide, Li,O t . is obtained as a double compoundwUh hydrogen 
peroxide by the action oi hydrogen peroxide on i num 

2LiOH + 2H a O, + H a O = Li t O,. HjOj.SH ,0 
This can be dehydrated by keeping over phosphorus pentoxide^ ^ mcla ,. 

Lithium hydroxide, LiOH. is made by the ac 10 hdvroxide. but less 

and is a white crystalline substance rather rcsemi > >' » s - baryta water 

readily soluble in water It can also be prepared b> addition oi ua > 

to a solution of lithium sulphate. nation oi lithium and 

Lithium nitride. Li,N. is formed by the direct ratu r e 

nitrogen, which takes place readily; slo\\l> ewn a 

§ 4 Salts of Lithium 

Lithium carbonate, O.CO,. « pfc^tateJ as » „* h sa |, It is 

at 0* C. and 1 38 grams at 15 », lor the carbonates o( lu (Chapter 

soluble. Further, like the insoluble car >»>i . is ot carbon dioxide on 

27 naees 649 659) it is soluble in presence of excess 1 

account of the formation of a soluble lithium bicar ona . * r 
2LiC» + (NH 4 „CO, - I-jfO.■ i j' SJJH.CI. 

Li-CO + CO, + H,0 — -l-illt ’j 

The solution of the bicarbonate is sold al ‘ 1 ‘‘p 1 "b,? u t Jui^m an atmosphere 
Uthia water. The normal carbonate, when ‘‘^^i* « d ox^de: 
of hydrogen, decomposes into the oxide am *•* 

Li f CO, = Li f O + COj 

. w. chiohd,. ua.«.....-~K jsrtSRSrtE? 

5 jarsaasTss* -friv. ' - mswss?* * ■ 

very deliquescent, being perhaps tlu m<>*> I sparing solubility 

. 01 the remaining halide. the nuor.de im» 1 Tlu- nitrate .> 

in water—in this again lithium rcsem ’ * \ , lM d sulphate, is soluble in alcoho». 

a very deliquescent salt and, like the c '» «> 4 V ‘ . Jt , s rca dily soluble, with 

Lithium sulphate crystallizes from »a « . q 

one molecule of water ol crystallization ‘-'r ir ,; (|Ull . IN virtually insoluble 
Lithium (ortho) phosphate. Li»l ( ’»• 1 \ ' l i lll „ ) n in added to a solution of a 
and is precipitated when sodium phospha n s | 10W s the similarity of lithium 
soluble lithium salt such as the chloride, i nis ■ 
to the elements of the alkaline earth gt«*up 

§5 Uses of Lithium and Lithium Compounds 

Until comparatively recently lithium an^itsu!..a*ly mentioned 
industrially or in the laboratory «»lmo> . diseases such as gout caused 

being the use of lithium salts in the trea t j j >v the fact that lithium 

by uric acid; its use lor tins purpose ixmg suggcs ( 

urate is one of the very few soluble sa ' expansion in the manufacture 

Of late, however, there has been c°.su • ^ ||st *j |n t | ie form ol an alloy ol 
and use of lithium and lithium salts tensile strength and resistance t«* 

lead for bearings; it is used to impr** 1 j /mc am j aluminium, containing 

corrosion of aluminium alloys, and an > . elastic it v and tensile strength 

in addition about 01 per cent °/ | ,,t ) , )“ ,n t } a , ciu * n .nthium ailoys are used lor the 
of a similar order to that of mild *»tee . a j Q | vcr y high conductivity is 

purification of copper for purposes where * t<J .. nKM |ily ** the graphite in 

required; copper-lithium alloys are ais ^| lithium hydroxide 

“ high-duty ” ckst iron (inoculation process). Uu per cc 
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is often added to the potassium hydroxide used for the electrolyte of nickel-iron 
accumulators. Lithium chloride solutions have been used in air-condition* 
plant for regulating the humidity of the air, and lithium compounds are now 
employed in the manufacture of glasses and glazes 


§ 6 Detection and Determination of Lithium Compounds 

Lithium is detected by means of the red coloration it imparts to the bunsen 
dame; when examined spectroscopically, this flame is seen to give a faint yellow 
line of slightly longer wave-length than the D lines of sodium, and a brilliant 
crimson line. Lithium is also recognized by the precipitation of its insoluble 
phosphate on the addition of sodium phosphate; a process which is also some¬ 
times employed for its determination. The use of the fluoride has similarly 
been suggested. It is usual to determine it as sulphate, like sodium (q.v.), and 
to separate it from the other alkali metals by extraction with amyl alcohol. 


§ 7 Sodium, Na. History and Occurrence 

Sodium chloride, or common salt, and sodium carbonate have been 
known since very early times; for the former is probably a vital 
necessity and has certainly been employed in food for an indefinitely 
long period, whilst the latter, which comprises a considerable propor¬ 
tion of the ashes of sea plants, also occurs native and was known to, 
and employed bv, the ancient Egyptians. 

Metallic sodium was first obtained by Sir H. Davy in 1807 by 
electrolysis of fused caustic soda. 

Sodium, in the form of compounds, is a widely distributed and 
abundant element, but on account of its intense chemical activity is 
never found free. 

Sodium chloride occurs in enormous quantities in the sea, and is 
also found in extensive deposits of rock salt, presumably formed as a 
resuit of the evaporation ot prehistoric seas. Rock salt is found at 
Nantwich. Northwich and Middlewich in Cheshire. Droitwich* in 
Worcestershire. Stassfurt in Saxony, Cardona and Castile in Spain, 
California. Kansas. Utah. New York. Virginia. Ohio and Michigan in 
the U.S.A., and numerous other places. The salt mine at Wielicza 
in Galicia has been worked continuously for (500 years. The salt 
deposit there is said to be 500 miles long, 20 miles wide and 1,200 feet 
thick. 

Sodium also occurs in large quantities in the form ot complex 
aluminosilicates, such as soil a-felspar (page 711); and the weathering 
of rocks and minerals of this type has given rise to sodium carbonate 
and clay. Much of the sodium carbonate is found in inland seas, etc., 
but considerable deposits exist, known as trona, in Egypt and other 
places. Large deposits of borax (sodium diborate) are also found, 
e.g. in Nevada (U.S.A.), and the Chile nitrate beds are largely com¬ 
posed of sodium compounds. 

• The names of these places indicate the antiquity of the salt industry since 
the Saxon name lor a place where salt was dug was " wich." 
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§ 8 Manufacture of Metallic Sodium 

of carbon and iron at a temperature ol low 

tfNaOH + 2C = 2Na + 3H 2 + 2NaXO». 

This method was later superseded by the 

soda, the type of plant cmp ^^ d b bv Hho . K* tr--Ivsis of fused sodium 
in its turn, is now being replaced \ 

chloride. . „ ... 4A ,i lllin hydroxide, contained 

In the Castner electrolytic process 1^ ^ ^ a ring of gas 

in an iron pot set in brickwork, i. 
jets placed underneath ; and kept 
about 20° above the melting point 
(318°) of sodium hydroxide. I he 
iron cathode H rises through the 
bottom of the iron pot A . Fig- -•>. 1. 
and is maintained in position b\ 
a cake K of solid sodium hydroxide 
in the lower part of the pot. The 
annular nickel anode /• is sus¬ 
pended around the cathodes from 
above. A cylindrical vessel $ D i> 
partly immersed in the fused alkali 
above the cathode, and the sodium 
and hydrogen liberated at the 
cathode collect under this cylinder. 

The hydrogen escapes through the 
cover, and the atmosphere of 



2 .y i._Castner Sodium Cell 


oH by means of a perforated U1 ' 1IV k The oxygen liberated at 

allows the molten hydroxide to flow * . • ^ sodium hydroxide 

the anode escapes via the vent I ,usl 

ionizes thus: M . . on 

NaOH «=*Na -r un 

i i ,-.,*,,.1 •»» the cathode, while the 
and on electrolysis the sodium is Ii K ‘ . t ,j K . a) iode. They 

hydroxyl ions have their charges ncuUal ^u 
then react together to form oxygen aw 

40H’ = 0 2 + -’HjO. 

T , . . vatcr dissolves in the caustic soda, and 

The oxygen escapes the wa ^ r i l bu . quantities of hydrogen 
is itself electrolysed, giving rise to consuniai i 

at the cathode. .. . ltf u., the electrolysis of fused 

The manufacture of sodium directly by the y 
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common salt, is attended with considerable difficulties, owing to the 
high melting point of salt, but recently these difficulties have been over¬ 
come and sodium is now produced 
thus in increasing quantities and 
it is likely that this method will 
eventually displace the Castner 
process. The Downs cell, used for 
this purpose is shown diagram- 
matically in Fig. 25.2. In it 
there is a central carbon anode 
A screened from an annular iron 
cathode B by an iron gauze dia¬ 
phragm C. Surmounting the anode 
is a conical hood D through which 
the chlorine evolved is led off and 
over the cathode is an inverted 
circular trough E into which the 
sodium rises and from which it is 
led off. The electrolyte consists of 
a fused mixture of common salt 
and calcium chloride, or sodium 
Huoride, which melts at about 000° (common salt itself melts at about 
800°). The cell itself consists of an outer iron shell lined with firebrick. 



B 


§ 9 Properties of Sodium 

Sodium is a silvery-white, lustrous metal which tarnishes at once 
when exposed to the air, owing to the formation of a film of oxide. 
On account of the ease with which it is oxidized (see below), it must 
be kept immersed in a liquid containing no oxygen. It is less dense 
than water (sp. gr. 0-93); it is soft, so that it can be cut with a knife, 
and at ordinary temperatures can be moulded between the fingers. 
Sodium melts at 97-5°, and boils at 880°. The vapour, which is purple 
when seen in thick layers, has a density of 12*85 (H 2 = 1) indicating 
that it is probably almost entirely monatomic Sodium is a good con¬ 
ductor of electricity. 

Chemically, sodium is a very reactive element. It combines vigor¬ 
ously with oxygen, burning readily in air with a brilliant yellow flame, 
and forming a mixture of the oxide and peroxide: 

4Na -f 0 2 = 2Na 2 0, 

2Na -f O, = Na 2 0 2 . 

It combines directly with the halogens and with phosphorus, taking 
fire when heated with these elements. It also combines with hydrogen 
when heated to 300°. 

The vigour of its combination with oxygen is such that sodium will 
react with most oxides, liberating the element previously combined 
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with the oxygen. Thus, it acts energetically with water, forming 
sodium hydroxide and hydrogen, 

2Na + 2H 2 0 = 2 NaOH + H 2 . 

and the heat of the reaction is sufficient to t ^ e a ^ iU j|‘ le ''}jeat 
swims about as a globule on the surface o hydrogen unless 

evolved is, however, not great enough to l 8 5 or "the move- 

l,rg, pieces of sodium are u*d. o. . 1 >. >« 

ment of the sodium is prevented. \\ ith tn • - metallic 

metal itself is formed. A similar reaction a e 1 * ^ suc h a;> 

chlorides and has been applied to the prepara 
beryllium and uranium, etc.: 

BeCl 2 -f 2Na = Be + 2NaCl. 

Aluminium also was formerly prepared in ' ca ^> 0 n dioxide 

oxides are similarly reduced. Thus sodium will burn in carbon ciiox 

forming carbon and sodium carbonate. 

3CO* + 4Na = 2 NaXOj + C. 

Sodium will dissolve in liquid ammonia forming a blue sohitwn. but 
when heated in ammonia gas sodamide resii s. 

2 Na + 2NH a * 2NaNH s + H,. 

It also dissolves in mercury, forming sodium amalgam (page <wd) an 
reacts violently with acids. 

§ 10 Uses of Sodium 

/ indium peroxide, sodium 

Sodium is used in the njanufacturc thl J t wo last-named) 

cyanide and sodamide, all of which (p< e * nil> | oV od as a reagent in 

are of technical importance. I he md. - » w hi< h is liquid at 

organic chemistry, and an alloy_ w u J il^.uMnprrature thermometers. 

ordinary temperatures, iseinploNid ii K of aluminium anil magne- 

It was formerly used in the manufa* s J - t»ii.j). I he 

sium, but these are now made by electr > * - jl ^ Hfc , ht a i| Q ys for 
possibility of using sodium m the \' T '* ^ w j t |, lead is used in the 

aircraft is now being investigated, an l ‘ , .. ot | lV i_fluid ” of coin- 
manufacture of lead tetraethyl (the ‘ s 0 dium is now also used 

merce) for making anti-knock l j unl inium and silicon: the 

for the modification of casting all > (Q t | l0 molten alloy 

addition of as little as 0 05 per ceil • ‘ physical properties of the 
results in considerable enhancement exhibits the photo-electric 

alloys. Like all the alkali metals. s» ‘d to light) in marked 

effect (Le.. emission of electrons when^ J Ils on whicl 

degree and hence is used widely for the talking-film and 

television, the telegraphic transmission of pictures. 

many other modern devices depend. 
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§11 Atomic Weight of Sodium 

That the atomic weight of sodium lies in the neighbourhood of 23 
is indicated by its specific heat (0*283) which, by Dulong and Petit's 
rule (page 00), gives 22-6 for the atomic weight. There is much evidence 
also that it is monovalent (e.g., molecular weight of some of its salts 
in solution in various solvents) and the equivalent weight is also found 
to be close to 23. 

The best determinations are probably those of Richards and Wells. 
By conversion of very pure sodium chloride into silver chloride they 
determined the ratios AgCl/NaCl and Ag/NaCl leading to the values 
22-995 and 22-998 respectively for the atomic weight of sodium. The 
value adopted by the International Committee is 22-997. 

§ 12 Hydride and Oxides of Sodium 

Sodium hydride, NaH, is prepared by passing dry hydrogen over 
sodium at about 300°. It is decomposed by water with evolution of 
hydrogen; and on heating, the colourless crystals of the hydride 
dissociate into their elements. As with lithium hydride, when sub¬ 
jected to electrolysis hydrogen is evolved at the anode showing that 
hydrogen can, in these circumstances, form a negatively charged ion: 

NaH ^ Na\ + H' 

whereas normally it forms a positive ion. Sodium hydride combines 
with carbon dioxide, forming sodium formate (the sodium salt of the 
organic acid formic acid): 

NaH + C0 2 = H.CO.ONa. 

Oxides of Sodium 

Sodium forms two well-defined oxides, viz.: 

Sodium monoxide, Na 2 0, 

Sodium peroxide, Na 2 0 2 . 

\ third oxide, Na.O,. obtained by passing oxygen into a solution of sodium 
in liquid ammonia has also been reported. 

Sodium monoxide, Na 2 0, is formed, along with the peroxide, when 
sodium is burned in air or oxygen. It is difficult to obtain pure in 
this way, even when a limited supply of air is used, and is better 
made by heating sodium azide with sodium nitrate or nitrite: 

3NaN ;l + NaN0 2 = 2Na.,0 + 5N 2 . 

It is a white solid which combines with water with the evolution of 
much heat, forming sodium hydroxide. 

Sodium peroxide, Xa 2 0 2 , is formed when sodium is burned in oxygen 
or (along with the monoxide) in air. It is made commercially by 
passing excess of dry air, free from carbon dioxide, over sodium con¬ 
tained in aluminium trays in iron tubes heated to about 300°. The 


THE ALKALI METALS 


25] THE ALKALI METALS 57 ' 

product contains about 95 per cent, ot sodium peroxide and is usually 

slightly yellow, although the pure compound is white 

Sodium peroxide is not decomposed by heat and is stable in dry air. 
but in moist air, or when acted upon by water, it is decomposed with 
evolution of oxygen and formation of sodium hydroxide. 

2Na 2 0 2 + 2H a O = 4NaOH -1- 0„. 

If the temperature be kept low. however, water yields hydrogen 
peroxide, a reaction which is found to be reversible, since -,„ n 
sodium peroxide, Na.Oj.8HjO, crystallizes out '' 1 . . -h . 

peroxide is added to a cold concentrated solution of sodium hydroxide. 

Na 2 0. + 2HjO ^ 2NaOH + H,0.. 

Hydrogen peroxide is also formed by the action of acids in the cold 
Sodium peroxide is a posverful oxidizing agent, and is used in the 
laboratory P for oxidizing purposes, c.g.. in qualitative analysis to con¬ 
vert chromic hydroxide into sodium chromate, and1 alsodot^decomposing 
silicate rocks prior to analysis. It combines with carbon monoxide. 

forming sodium carbonate: 

Na 2 0 2 4* CO = Na 2 C0 3 , 

and also reacts with carbon dioxide, which it absorbs 

of oxygen. It is thus used for the revivification of air which ha* been 

vitiated in breathing (e.g., in submarines). 

2Na 2 0 2 4- 2C0 2 = 2Na 2 C0 3 4- 0 2 . 

Sodium peroxide also oxidizes sulphides to sulphate* nn hen fu*j 
them, a process often made use of for the estimation of sucli sulphides. 

and ammonia to nitrogen. . . I tor t k e 

In addition to the above uses, sodium perox t ■‘ use< | 

bleaching of textiles; for the manufacture n • j ’ lise( j tor 

for bl .4i„ g Hoar: fa. "" IXm 

the activation of yeast, in the manui v lutic oreanic 

(page 693), and in the production of dyes and othi .. K 

chemicals. 

§ 13 Sodium Hydroxide, Caustic Soda. NaOH 

Sodium hydroxide is a very important chcmiCa ' 

and is manufactured on a large scale. It can <- | p 

KrrelSgS indU ^' 

Manufacture of Caustic Soda from Sodium Carbonate 

T , . , lir . nn tlie fact that when milk of lime is boiled 

This process depends upon tne iai i 

U 
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with a solution of sodium carbonate, calcium carbonate is precipitated 
and sodium hydroxide remains in solution: 

Na 2 C0 3 + Ca(OH) 2 = 2NaOH + CaC0 3 1 

It is known as causticization and is earned out industrially in large 
iron tanks, having a mechanical stirring apparatus and an inlet for a 
supply of steam. This plant is illustrated diagrammatically in Fig. 
25.3, and is known as a causticizer . A solution of commercial sodium 



Fig. 25.3.—Causticizer 


carbonate is run in and quicklime is placed in an iron cage b dipping 
into the solution. The mixture is agitated by means of the stirrer and 
also by steam, which is blown into the solution to heat it. The sodium 
carbonate is largely converted into caustic soda, calcium carbonate 
being precipitated. 

The mixture was formerly run into settling tanks, and after the 
precipitated calcium carbonate had settled, the clear liquid was run 
off and concentrated. The sludge remaining contained a considerable 
proportion of caustic soda which represented so much loss; but the 
prevention of this loss by filtering off the calcium carbonate was 
formerly impracticable owing to the properties of the caustic soda 
solution. Latterly, however, the use of plant made of monel metal 
has made this possible and the causticized liquor is filtered off under 
reduced pressure and evaporated in multiple-stage vacuum evaporators 
heated by steam. Concentration beyond a certain point is not practic¬ 
able with steam heating and the final stage is effected by heating 
the concentrated liquor in cast-iron vessels set in brickwork over a free 
fire until all the water has been driven off and fused caustic soda is 
left. 

The reaction between sodium carbonate and slaked lime is reversible 
and is never complete, but equilibrium is found to be more over to 
the calcium carbonate side of the equation the more dilute the solution 

is as a whole. 

These facts are explained on the basis of the Ionic Theory as follows. 
At the start we have the equilibria 
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Na,C0 3 ^ 2Na' + C0 3 
Ca(OH)j ^ Ca" + 20H', 


"■HSSSISf 

calcium carbonate ^ Prec P'tated so g so(Jium carbonate) arc 

'excess o tbe concen,ration corresponding to the solubility 
present in excess 01 The concentration of calcium ion* is. 

product of ca l c \ u ^^^ b v fie solubility product of calcium hydroxide. 
h° w ^er, also deteirnin^ ^con<^ntration^of calcium ions and the square 
i.e., by the product ol t oresent As the reaction proceeds 

of the concentration of ‘Xh.mier (concentrat.on of calcium 

the latter is increasing and hence t m uUimately be reac hed 

>» .0 a no 

tS£.*<SZ? - -M*- - 

the reaction will stop. , . lT , nrP over to the calcium 

The fact that equilibrium > s f '^''te dit.c .he solution is as a whole 
carbonate side of the equation the t ration of carbonate ion 

is what would be expectedsmce^ o( ^ h d , 

appears in the equations as the first power, wnercos 

ion is squared. noint of view a compromise 

It is clear that from the manu > Elutions which give a purer 

must be effected between the use o .- t (or evaporation of the 

product but which require a l ar g P^ concentrated solutions 

resulting caustic soda solution, and “ se . te but which are 

which give products contaminated w th ^bona^^^^ 

less costly to evaporate. ' F 1 1 t and about 92 per cent, 

used has a concentration of about per cun. 

causticization is effected. 

Manufacture of Caustic Soda by Electrolysis made by 

Large and increasing^quantities of causric s ° y ‘ drogen and chlorine 

the electrolysis of solutions of c has been described in 

are formed at the same time. I he process n 

Chapter 22 (page 497). c operations in the form of a 

The caustic soda is obtained ' r obtained by methods similar to 
strong solution from which the solid is obtained oy n 

those described above. 

g 14 Properties of Sodium Hydroxide 

• , • rrvst dline solid which vapidly absorbs 

Sodium hydroxide is a white. > * mosp here. It melts easily 

moisture and carbon dioxide fro flakes formed from the molten* 
(at 318°) and is sold in sticks, pellets or Hakes ion 
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material. It is very soluble indeed in water, and much heat is evolved 
during its solution. The solution has the characteristic soapy feel of an 
alkali, and is very corrosive. Sodium hydroxide is a very strong alkali; 
since according to the Ionic Theory, it is very largely ionized in solu¬ 
tion. It is only sparingly soluble in alcohol, in which it differs from 
potassium hydroxide (q.v.) which is very soluble. 

Sodium hydroxide has the properties characteristic of a strong 
alkali. It changes the colours of indicators (e.g., litmus to blue, 
methyl orange to yellow; phenolphthalein to pink) and forms salts 
with all acids. It reacts with solutions of metallic salts (except salts 
ol the alkali metals), precipitating the hydroxide of the metal, e.g., 
with ferric chloride: 

Fed., + 3NaOH = Fe(OH), + 3NaCl. 

In some cases the metal hydroxide redissolves in excess of caustic 
soda solution, e.g., zinc: 

ZnSO, + 2NaOH = Zn(OH) 2 + Na 2 S0 4 , 

Zn(OH) 2 -f 2XaOH = Na,ZnO, + 2H 2 0. 

W ith ammonium salts ammonia gas is liberated, presumably on account 
of the very unstable nature of ammonium hydroxide (cf. Chapter 20, 
page 404). 

Sodium hydroxide reacts with many free elements, both metals and 
non-metals. These reactions are considered in greater detail in the 
chapters dealing with the elements concerned, but the reactions indi¬ 
cated bv the following equations may be mentioned here: 

2NaOH + Zn = Na^nO, + H„ 

2NaOH 4- 2A1 4- 2H o 0 = 2NaA10, 4- 3H>. 

2NaOH 4- 2B 4- 2H,0 = 2NaBO,‘+ 3H " 

2NaOH 4- Si 4- H o 0 = Na 2 SiO, 4- 2H 2 , 

3N*aOH -f 4P -f 3H,0 = PH 3 4- 3NaH*P0 2 . 

(cold) 2XaOH 4- Cl, = XaOCl 4- NaCI 4- H,0. 

(hot) OXaOH 4- 3C1 2 = NaClO, 4- 5NaCl, 

OXaOH 4- 4S = 2Na 2 S 4- Na,S t O, 4- 3H 2 0. 

1'his is probably the primary reaction, but the final product is the 
polysulphide formed by the action of excess of sulphur: 

Xa,S 4- 4S = Na 2 S v 

The above reactions take place in aqueous solution; (used sodium 
hydroxide will attack most metals (nickel and silver are only slightly 
attacked), and it also reacts readily with glass and porcelain, in fact, 
even the aqueous solution has an appreciable action on these materials. 


§ 15 Uses of Sodium Hydroxide 

Large quantities ol sodium hydroxide, usually referred to commer¬ 
cially as caustic soda, are used in bleaching and dyeing, in the refining 
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of oils and in the manufacture ol soap and of paper. It is also used 
for the purification of bauxite (page <i%) for the manufacture of 
aluminium ; in making artificial silks, and in the production of dyes 
(e e alizarin). Sodium hydroxide, in the form of soda-lime (an intimaU 
mixture of sodium hydroxide and slaked lime) is now often preferred 
to potassium hydroxide solution for the absorption of carbon dioxide 
In quantitative ^analysis. Specially prepared soda-1,me for this purpose 
is sold under the names sofnohte and ascunte. 

§ 16 Sodium Salts, Sodium Carbonate 

Sodium hydroxide, being a very strong base, readily forms salts even 
with very wlak acids. Sodium salts are colourless unless derived from 
a coloured acid, and are almost all soluble in water, the pyroantimonaU 
(Na H Sb O ) and the complex sodium magnesium uran> ace c 
Li u mm r ni _-.nd the corresponding zinc triple acetate 

»u. ota, . 

with considerable quantities of water. 

Sodium Carbonate, Na 2 CO :1 f 

Sodium carbonatehas 

w^imilarly obtained from “VSsm-ls of wal cond,riom‘ 

of the eighteenth century. Iar^< 1\ th * nrocess ol manu- 

«*• ,or ° wra hunar "' 

Sodium carbonate can be ^^^^^1 

(i) by the Leblanc process—now oiwmu h 

below t __. 

(ii) by the ammonia-soda (or Solva>) ' . 

(iii) from naturally occurring sodium carbonate, 

(iv) from electrolytic caustic soda. 

The Leblanc Process been worked in this country 

This process is now obsok tc 1 rm .-,1)1) for the manufacture 

since 1919 except (as mentioned on a Uiporarv revival in 

of sodium sulphate a l nl(Killu ,l form for production of 

Germany liter the 19 4 . am , mnt s of sodium sulphate accumu- 

sodium carbonate from th ark l> v -.> r ocluct from the extraction 

lated at Stassfurt during u * • being made of Russian deposits 
of potassium compounds. Similar • 

" EESSZZSfZz ;s3H£'U= ,«« 

JUS %TS55 fStSfS w ».= 

jjNaCl + H 2 S0 4 = N-*^0 4 + -HO. 
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(ii) The conversion of the salt-cake into black ash by heating to a 
high temperature in a revolving furnace with limestone and coke. 
Black ash is a mixture of calcium sulphide and sodium carbonate: 

Na 2 SO, + CaC0 3 + 2C = Na 2 C0 3 + CaS + 2CO* 

(iii) The extraction of sodium carbonate from the black ash by 
leaching it with water, and purifying the product by crystallization. 
The calcium sulphide which remained (being insoluble in water) was 
used as a source of sulphur, etc. (see page 594). 

In working the Stassfurt sodium sulphate into carbonate, use was 
made of reactions which dispense with the use of calcium carbonate, 
and sodium sulphide, made by reduction of the sulphate, page 590, 
was acted upon by a mixture of carbon dioxide and steam: 

Na 2 S0 4 + 4C = Na*S ' 4CO 
Na 2 S + C0 2 + H 2 0 = Na 2 C0 3 + H 2 S. 

The sulphur can be recovered from the hydrogen sulphide by burning 
the gas with the theoretical quantity of air in presence of iron oxide 
which acts as a catalyst: 

2H 2 S + 0 2 = 2H 2 0 + S. 

The Ammonia-Soda, or Solvay, Process 

This process depends upon the comparatively low solubility of 
sodium bicarbonate, particularly in presence of excess of carbon 
dioxide. When a concentrated solution of sodium chloride is saturated 
with ammonia and then with carbon dioxide the ammonium carbonate 
first formed reacts with the sodium chloride, forming sodium carbonate, 
which is then converted by the excess of carbon dioxide into the 
bicarbonate which is a sparingly soluble salt especially in presence of 
carbon dioxide: 

2NH 3 + C0 2 + H 2 0 = (NH 4 ),C0 3 
(NH 4 ) 2 C0 3 -I- 2NaCl = Na 2 C0 3 + 2NH 4 C1 
Na 2 C0 3 + C0 2 + H 2 0 = 2NaHC0 3 . 

The formation of ammonium bicarbonate (NH 4 .HC0 3 ) is often 
stated to be the first stage; but this is improbable because: 

(a) ammonium bicarbonate is just as sparingly soluble in the mother 
liquors and would itself be precipitated, and 

(£) such a reaction w'ould be endothermic whereas the actual reaction 
is exothermic in agreement with 

C0 2 4- H 2 0 + Na 2 C0 3 = 2NaHC0 3 4- 18-4 cals. 

The sodium bicarbonate formed is filtered off and heated, forming 
normal carbonate, carbon dioxide (which is used again) and steam. 

2NaHC0 3 = Na 2 C0 3 4- C0 2 4- H 2 0. 

The ammonia is recovered by heating the ammonium chloride solu¬ 
tion with slaked lime. 

2NH 4 C1 4- Ca(OH) 2 = 2NH a -f CaCl, 4- 2H 2 0. 
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The actual manufacture is carried out as follows: 

The raw materials are brine. usually obtained by d ‘«ct jumping 
in situ ; and carbon dioxide, obtained by hearing bmestone mkdM. 
The quicklime produced at the same time, is used for the recover) 
of the ammonia ^ Ammonia is obtained in the first instance, or to make 
up loss in the process, similarly from external supplies of ammonium 

chloride. , ... 

Ammonia gas is forced up a tower down which 

strong brine (about 30 per cent. NaCl) is flowing. 

This is constructed as shown in Flg. 2o.4. Heat is 
evolved in this process and so the ammoniated 
brine is cooled by passing over pipes through 

which cold water circulates. 

The ammoniated brine is then made to run 
down a carbonating tower up which a stream oi | 

carbon dioxide is forced. The construction o ~ ^~i 

tower is indicated by Fig. 25.5. It consists of a ^ r 

series of sections A, each about 0 ft. 111 < ? , ^ mc T ? r ’ 
and the whole tower is about 80 ft. high. 1 he 
lower part of the tower is completely fillet w 
ammoniated brine introduced through t le pipe 
B. Carbon dioxide is forced in at the base at D 

__i l- n.- t mm 



Excess NH 


Saturated brine 


AmmoniacaI 
brine 



Fkj. 25.4.—Ammonia 
Absorption Tower 


and passes from 
section to section 
through perforated 
hoods C: this en¬ 
sures that the gas 
is well distributed 
through the liquid 
in small bubbles. 
Ammonium chlor¬ 
ide and sodium bi¬ 
carbon ate arc 
formed as indicated 
above; the latter, 
being precipitated, 
is carried out of the 
base of the tower as 
a fine suspension. 
It is filtered off and 
washed to free it 
from ammonia and 
ammonium salts. 

The sodium bi¬ 
carbonate is then 
converted into the 
normal carbonate 



Fig. 25.5. 
Carbonating Tower 
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by heating in special calcining pans which are fitted with scrapers to 
push the solid along the pan. The carbon dioxide evolved is returned 
to the plant, along with fresh supplies, and anhydrous sodium carbonate 
remains. This is known as soda-ash. 

From this soda-ash, various products are made. By dissolving it in 
water and crystallizing the solution, washing-soda, Na 2 C0 3 .10H 2 0, 
is obtained; while by evaporation crystal carbonate, Na 2 C0 3 .H 2 0, 
is formed and crystallizes from the hot solution. The so-called con¬ 
centrated soda crystals, Na 2 C0,.NaHC0 3 .2H 2 0, result from crystalliz¬ 
ing solutions containing equimolecular quantities of carbonate and 
bicarbonate. 

This outline of the process indicates that limestone and salt are the 
only raw materials (except fuel) and calcium chloride (from the 
ammonia recovery section) the only waste product. So far no use has 
been found for the last-named, which constitutes something of a 
problem in the industry. 

Fig. 25.6 illustrates diagrammatically the whole process. 



Fig. 25.0.—Solvay Process (diagrammatic) 


Sodium Carbonate from Natural Sources 

There exist in certain areas (notably at Magadi in British East 
Africa, and in California) large deposits of sodium carbonate. These 
are now being utilized, particularly the Magadi deposits. They consist 
principally of the so-called sesquicarbonate Na 2 C0 3 .NaHC0 3 .2H s 0. 
The “ brine ” of the lakes round whose shores these deposits are found 
is also treated for recovery of sodium carbonate. 
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Sodium Carbonate from Electrolytic Caustic Soda 

A considerable quantity ol sodium carbonate is now being maa 
from electrolytic caustic soda, particularly in America, where electnca 
e™eTev U relatively cheap. Sodium chloride solution .s electrolysed 
in a cell of the diaphragm type, thus producing 

and chlorine Crude carbon dioxide, from furnace gases, gas or oil 
engine exhausts and similar sources, is blown through the hqu.d th 
producing sodium carbonate which is recovered from the solution, as 

in other methods, by crystallization. 

Properties of Sodium Carbonate . • 

Sodium carbonate can be obtained anyhdrous. and ^ 
tion with one. seven or ten molecules of water of cr>*>tallua on • I h 
anhydrous salt is a white solid which melts a t about 
decomposition. When crystallized (rom \ K • ‘ Q (tt . ash ^ g . s0l ia) 
below 32°, large transparent crystals of]^°^r“,^‘ ex|x ^to the 
are formed. I hcse crystals eftlori"cc (sc l * - hihlv \ i t’O-. H ,0. 

* r—* crumble ( o . "StoS 

If exposed to the air for long pi nods. * , f n aiu i 50 3 

said to be formed. CrystaHization of so u <^^s^ (r ' om solution 

causes deposition ol the heptahjdrati. \ > ^ , hydrates have 

between 35 4° and 100 ° yields the monohydratc.. 0|l ™*l™'** 

been described, but their individuality is. hydrolysis (see 

Sodium carbonate is alkaline .» suh. a standard 

page 244) and is frequently used in ' J w ith evolution 

alkali. It is readily decomposed by acids (cf. page .si-l 

of carbon dioxide. , .. . <>r mil the alkalinity ol 

Sodium carbonate is used for softening "fof ,i,e water, 
the resulting solution enlmnce* he t » ..A^ustic soda (page .'.TS) 
Large quantities are used in tin man si »ic\te page 7 Hi), and ol 

of glass (page 723) of water glass (**>^.^.ap powders. 

borax (page 602). 11 ,s preparation '«/a number ol other 

and is the starting point for tin \, tl u . smelting of certain 
sodium salts. Soda-ash is also now being used .nth. sin, mug 

iro " T S °h'; igh h SU 'ri ,,r NiHCO is J po«l«<-'- 1 l in large quantities as 
Sodium bicarbonate, Namu.,. I nr<K *ess* but is converted 

the primary product ol the , ;lb ' ovo Commercial sodium 

into the normal carbonate as <l» r . ( by saturating a moist 

bicarbonate is made from the normal ■ ‘ ^^ “mare is precipitated, 
mush of crystals with carbon dioxide. 1 l> t arl> 1 

and after washing with cold wutei’ •> < ™ m '.^ als whic |, ar e somewhat 
Sodium bicarbonate forms small • w m dissolve f) grams at 

sparingly soluble in water. 1,00 K™™* ^ to part i a | hydrolysis. 

15 . I he solution is shgh y • ^ base while carbonic acid is a 

since sodium hydroxide is a vtr> decomposes at 100* with evolu- 
very weak arid Sodium bjear^^natc being left, 
tion of carbon dioxide and steam, tl 
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Sodium bicarbonate is used in baking powders (and hence is some¬ 
times known as baking-soda); it is also an important constituent of 
health salts, and “ Seidlitz powders.*’ 

Sodium sesquicarbonate, Na 2 C 03 .NaHC 0 3 . 2 H 2 0 , known commer¬ 
cially as concentrated soda crystals, is obtained by crystallizing a solution 
of equimolecular quantities of carbonate and bicarbonate. It is exten¬ 
sively used in wool-washing, and for bath salts. 

§ 17 Sodium Halides 

Sodium Chloride, NaCl 

Sodium chloride, usually known as common salt or simply salt, is 
not only the most important source of sodium compounds, but is also 
important for itself. Its occurrence has been referred to already (page 
572). The production of salt from these natural sources is an important 
operation. 

Manufacture of Common Salt 

According to the circumstances, salt is either mined, or extracted 
from salt beds by solution in water (i.e., in the form of brine) or got 
from the sea by evaporation. 

Salt is mined as such at Wieiicza in Galicia and the solid salt brought 
to the surface in lumps. As so obtained, it is usually impure and, 
though used in this state for some purposes, it is mostly purified by 
being dissolved in water and crystallized as described below. 

In many salt beds (e.g., in Cheshire) the salt is obtained by forcing 
water into the beds through a boring or well. The brine so formed is 
afterwards pumped to the surface and the liquid concentrated, some¬ 
times in salterns (making use of the sun and wind—see below), but 
often by evaporation in shallow pans heated artificially, particularly if 
fuel is cheap. 

A series of these pans is set over a flue, and they are of increasing 
size the further they are from the fire. The contents of the first pan 
boil and very small crystals of salt separate. These are removed into 
wooden moulds while still hot and wet, and on cooling the slight 
further crystallization of the mother liquor binds the whole into, the 
well-known blocks of salt. The solution in the next pan, which is at 
a lower temperature and does not actually boil, deposits a coarser- 
grained salt, used industrially; the remaining pans, the temperature 
of which is progressively lower, give salt of still larger grain, used for 
fish-curing, etc. 

Nowadays, the evaporation is frequently carried out in multiple 
evaporators (Fig. 2f>.7). These consist of a series of closed vessels, so 
arranged that the steam resulting from the evaporation in one heats 
the next, in which the pressure is lower. The first of the series is 
heated with live steam from a boiler, and the last is connected to 
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an exhaust pump. The salt formed collects at the bott °m of tong 
vertical shafts whose height varies and is adjusted according to the 
pressure in the pan above them. The salt obtained from multiple- 
effect evaporator is fine-grained. If a coarse-grained salt is required, 
open evaporation, as described above, must be employed. 



mmm Lrf i 




Fig. 25 7.—Multiple Evaporation 

11- production .1 from 

countries or where fuel is very o( t |,, Mediterranean Sea, 

in the salterns or salt gardens on th evap oration in large shallow 

where the sea-water is concentrated by evapa solution- 

tanks-" salterns "-exposed to wind and sun. of As> sa l u _ 6 
" brine "—becomes concentrated, 1 o{ ' er f ora tcd shovels, and 
which separate are lifted out by ' “ s ^ ^crystals are alio wed 
allowed to drain beside the evapora chowers whereby much of the 
to stand in heaps exposed to occas.onaUho^v h called 

magnesium chloride is leached out. P,_ used {or the 

solar salt. The mother liquid— bittern 

manufacture of bromine. . . • contaminated with small 

The salt obtained by these methods ' s magnesium 

quantities of other salts as unpun • * lulte Cheshire salt, 

chloride, calcium sulphate, and mg ^ q{ ' otiium chloride; the 
for instance, contains about o p 
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remaining impurities are mainly insoluble matter, calcium sulphate, 
and magnesium and calcium chlorides. The presence of magnesium 
chloride makes salt very hygroscopic, so that it becomes lumpy and 
moist; some “ damp-proof ” salts are mixed with, say, 3 per cent, of 
bone-ash to get over the difficulty to some extent. 

The Purification of Sodium Chloride 

Sodium chloride can be purified by adding concentrated hydro¬ 
chloric acid to a cold saturated aqueous solution of salt; better results 
are obtained by passing gaseous hydrogen chloride through the salt 
solution. The impurities remain in solution while the sodium chloride 
is precipitated in a very fair state of purity. 

This effect is explained by the Ionic Theory as a consequence of the 
common ion effect (page 238). The addition of the very soluble hydrogen 
chloride gas increases largely the concentration of chloride ion, thus 
causing the solubility product of the salt (the solution being already 
saturated) to be largely exceeded, salt being precipitated in consequence. 

Properties of Sodium Chloride 

Sodium chloride crystallizes in cubes and the crystals are anhydrous, 
though a little water may be mechanically entangled in them. The 
melting point is SOT and it boils at 1440°. Sodium chloride is quite 
soluble in water, 100 grams of water dissolving 36 grams of salt at 20°. 
The solubility is only very slightly affected by temperature (cf. Fig. 
10.2, page 154). Thus 100 grams of water will dissolve 35-7 grams 
of salt at 0 f and 39 0 grams at 100°. Sodium chloride is almost insoluble 
in alcohol. 

Uses of Sodium Chloride 

In addition to its use tor seasoning food (for which purpose it should 
preferably be freed from magnesium and calcium chlorides), common 
salt is also used for preserving butter, meat and fish, etc., as a starting 
point for the manufacture of caustic soda (page 579), sodium carbonate 
(page 581) and hence of sodium metal and sodium compounds in general. 

It is also used in the course of soap manufacture for " salting-out ” the 
soap; in glazing common pottery (e.g., drainpipes, etc.), and for the 
manufacture of chlorine and hydrochloric acid (pages 497. 503) and 
hence of chlorine compounds in general. 

Sodium fluoride, NaF, forms colourless crystals resembling the 
chloride. It can be made by neutralizing hydrofluoric acid with 
sodium hydroxide or sodium carbonate. It can also be prepared from 
cryolite (AlFj,.3NaI*) by treatment with excess of sodium hydroxide 
solution. This dissolves the aluminium fluoride, and the undissolvcd 
sodium fluoride is extracted with boiling water. It has been used as 
a mild disinfectant. 

Sodium bromide, XaBr, and sodium iodide, Nal, are not much 


580 


25] 


the alkali metals 


used, the potassium salts being preferred. They are C n/staLlize 
way as the potassium salts (q.v.). Both bromide and iodide crystallize 

with two molecules of water of crystallization. 

Sodium Nitrate, Chile Saltpetre, NaNO ; , 

Large quantities of sodium nitrate occur in A^ntina 
and principally in the rainless districts of ie *. . g at 

America-Peru. Bolivia and Chile. Here the salt occur, m large flat 

basins, illustrated diagrammatically by 1 *g- — > i • 





Fig. 25 


.8.—Geological Section ol Nitre Bed .diagrammatic) 


There 
1 to 5-foot 
sodium nitrate 


is a thin surface layer of sand and 1 M ’ ’ 1 th cUv salt and 
at layer of similar material bound together ' « ana 

titrate. This layer is know,, as . ..s/m and c.-nhuns a 1- per 



The problem of the origin 01 n itroeen is of 

torily solved, although it is generaMy agri'‘ tnl;ino _ 'immense 

organic origin, 
deposits of which 
absence of phos[ 

possibly they are derived iron, i" ,he lowest stratum. The 


although ,t ,s genera", — unmense 

are derived from n,.M-> of seaweed whu h ha' 



sodium perchlorate, insoluble matter, <'U . 1 J, The sod 

petre contains from 09 to OK per cent •» 1 

iodate which accumulates in the mother h<|U,d » um.i 



iodate which accumul; 
facture of iodine (q.v.). .. ,l 

Sodium nitrate forms white, 111 ),r L - 


It is very soluble in 
of the salt. It 


ouuium nuiaic ;’ ,:^ 0 | Vi . S S grains ol tne sau. n 

water: 100 grams of water at - . tolll|H . ra ture into oxygon 

melts at 310°. and decomposes « ; f„ r fertilizers; it is 

and sodium nitrite. Large <|uant, ■ K j ( , potassium nitrate, 

also important for the manufact , i f h roworks. and for curing 
sodium arsenate, sodium nitrite, gia.v, 

meat, etc. 
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The output of natural sodium nitrate from Chile has declined some¬ 
what of late owing to the development of processes for the fixation of 
nitrogen (see Chapter 20), and a certain amount of sodium nitrate is 
now made from synthetic nitrogen compounds. In one method, 
nitrogen oxides (either from the Birkeland-Eyde process, or the 
ammonia-oxidation method) are absorbed in caustic soda solution, and 
the resulting liquor mixed with nitric acid and blown in a tower with 
enriched air (50 per cent, or more oxygen). Attempts are also being 
made to produce sodium nitrate from nitric acid and sodium chloride; 
from oxides of nitrogen and sodium chloride; and from sodium sulphate 
and nitric acid. 

Sodium Nitrite, NaNO, 

Sodium nitrite is of technical importance in the dyestuffs industry, 
and is now made on a considerable scale. It is formed by heating 
sodium nitrate alone above its melting point, and it used to be made 
by reducing the nitrate with lead or a mixture of carbon and lime, which 
enables the conversion to be effected at a lower temperature. 

It is now manufactured almost entirely in the course of the processes 
for the fixation of atmospheric nitrogen (pages 417-18), being produced 
by absorbing the final gases from the ammonia oxidation in sodium 
carbonate solution: 

Na 2 C0 3 + NO -f- N0 2 = 2NaNO* + C0 2 . 

Sodium nitrite is a white, crystalline compound when pure, but is 
usually slightly yellow as obtained. It has a high solubility in water: 
100 grams of water will dissolve 83*3 grams of the salt at 15°, and 
much heat is absorbed during solution. 

Sodium Hydrosulphide, NaHS 

Sodium hydrosulphide is formed in solution when aqueous sodium hydroxide 
is saturated with hydrogen sulphide; but, on account of hydrolysis, the anhy¬ 
drous salt cannot be obtained from this solution; the hydrate NaHS.3H,0 

2NaOH -f- H,S = Na,S + 2H.O. 

Na t S + H g S = 2NaHS. 

It can be obtained anhydrous by heating sodium with hydrogen sulphide gas: 

2Na + 2H,S = 2NaHS + H. 

(compare action of sodium on water), or by the action of hydrogen sulphide on 
sodium ethoxide (the product of the action of sodium on alcohol); 

2C,H.OH -f 2Na = 2C,H*ONa + H„ 

C,HjONa *f* H t S — C,H 4 OH -f- NaHS 

Sodmm hydrosulphidc is a white, deliquescent solid which forms the normal 
sulphide on heating: 

2NaHS = Na t S + H,S. 

Sodium sulphide, Na 2 S, is formed when the correct amount of 
hydrogen sulphide is passed into excess of caustic soda solution or by 
heating the hydrosulphide, or by adding caustic soda solution in 
correct amount to the solution of the hydrosulphide. It is now manu- 
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factured on a considerable scale, from ^ium su'phate^Sodium 
sulphate is reduced by heating it with coal 
furnace, carbon monoxide being formed at the 
Na 2 S0 4 + 4C = Na 2 S + 4CO. 

The mass is extracted with water and the solution w^e p^duedon 
crystals of Na 2 S.9H 2 0. The mother liquor is used for the production 

of sodium thiosulphate (below). , extensively in 

Sodium sulphide is a buff-coloured sohd. It is used «tensive y 

the production of dyes. It is used also for remowng the hair 
hides before tanning. 

Sodium Polysulphides, Na,S n —(>» = 2 to 5) ...inhides such as those of 

Free sulphur is fairly soluble in solutions of * 0 l^* c ta ^ l P^ ri ous polysulphides. 

the alkali metals, and the resulting so u ran «i n .» from the monosulphide 

Thus, from sodium sulphide is formed a »; . . also formed by direct 

itself to the pentasulphidc Na *^. > composition and relation between 

union of sulphur and sodium, l hi tNa . . mnnstra tcd. and it is probable that 
these substances have not been cleark < «- Tliev are yellow in colour; 

most samples arc mixtures of various poly « ™ l su £hur: 
on exposure to the air they are oxidized to tluosu^pnac^ 

With acids, hydrogen persulphide (page poly¬ 
arc formed according to the conditions Tla . 

sulphide ions probably involves co-ordina e 

S—S—S 
S^-S—S—S 
s*-S—s-*s-*s 

§ 18 Sodium Sulphates and Sulphites, etc. 

Sodium Sulphate, Na 3 SO, . . ica , for which there 

Sodium sulphate is an impotent! * cons iderable quantities were 
is an increasing demand. 1 ormeriN 
made from nitre-cake 
(crude sodium bisulphate), 
which was a by-product 
of the manufacture of 
nitric acid (page41(3). Sup¬ 
plies of nitre cake arc now 
diminishing, through the 
increased production of Flue- 
synthetic nitrates, and the gases^ 
main supply of sodium 
sulphate is now derived 
from the action of con- , as j n t he first stage of the 

centrated sulphuric acid upon c<>nimo * . ^ ^ r )8 iy Two molecular 

now obsolete Leblanc process (cl. l )a K^ * ‘ sll | p i iu ric acid are heated 
proportions of salt and one of conceiti in a furnace 
by means of .flue gases m a shal o« co,tno .F ^ that sodium 

arranged as in Fig. 2o.5l. 1I,e 1 * 



Fig 25.U.--Salt Cake Furnace 
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hydrogen sulphate is formed and hydrogen chloride escapes through 
the flue B. r 6 

NaCl + H 2 S0 4 = NaHS0 4 + HC1. 

When this reaction is complete the mass, which is now pasty, is raked 
into the closed muffle C which is heated externally to redness by means 
of producer gas burning around it in D. E is the producer. Sodium 
sulphate is then formed and more hydrogen chloride is evolved and led 
off through F. 

NaHS0 4 + NaCl = Na 2 S0 4 + HC1. 

Considerable quantities of sodium sulphate are also obtained as a 
result of the working of the Stassfurt deposits. The residues from 
the manufacture of potassium chloride from camallite (page 601) 
contain a large amount of magnesium sulphate. These residues are 
dissolved in water and treated with common salt. From the solution 
Na 2 SO 4 .10H 2 O separates, being the least soluble of any of the four 
salts in the equation : 

MgS0 4 + 2NaCl = Na 2 S0 4 + MgCl„ 

provided that the conditions (e.g., concentration) are so adjusted that 
astrakamte —Na 2 S0 4 .MgS0 4 .4H.,0—is not formed. 

Sodium sulphate occurs native in many parts, particularly in the 
\\ estern States of America, the western provinces of Canada, and in 
Russia, and these are now being worked extensively. 

Anhydrous sodium sulphate is a white solid which iairly readily 
soluble in water. Solutions which crystallize below 32° deposit the 
dccalndrate Na 2 SO,. IOH.,0 known as Glauber's still. A heptahydrate 
is also known (cf. page loti), and is formed by cooling supersaturated 
solutions of the salt to f>\ Sodium sulphate is one of the easiest salts 
with which to demonstrate the phenomenon of supersaturation. 

Sodium sulphate is used in large quantities in the manufacture of 
glu>s (page 723) and of kraft paper. It was formerly made for conver¬ 
sion into sodium carbonate in the Leblanc process;* it is still used for 
making sodium sulphide and sodium thiosulphate (q.v.) and is some¬ 
times employed, instead of the carbonate, for making water-glass 
page 716). It is used in the dyeing and textile industry and Glauber’s 
•'alt is employed medicinally. Considerable quantities are converted 
into sodium bisulphate for use in the working of copper-nickel ores. 

Sodium Hydrogen Sulphate, Sodium Bisulphate, NaHSO, 

I his salt is the product of the action ol concentrated sulphuric acid 
on sodium chloride or nitrate at temperatures below red heat (page502). 

I he crude product of the nitric acid industry is known as nitre-cake . It 
can lx* prepared in the laboratory by mixing a solution of two equiva- 

vii m S iw\ U, * C aC,t ^ om> equivalent of caustic soda, w'hen 
NalfoO,. H 2 0 crystallizes from the solution in white crystals This 
can be dehydrated by heat, and the anhydrous salt can* be fused at 
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300°. At higher temperatures, it decomposes into sodium pyro- 
sulphate, Na 2 S 2 0 ? which, on further heating, gives sodium sulphate 
and sulphur trioxide: 

2NaHS0 4 = Na 2 S 2 0 7 + H 2 0. 

Ka 2 S.,0 7 = Na^SOj "f - 

It is used in the form ot nitre-cake in the manufacture of hydro¬ 
chloric acid and sodium sulphate (pages 503, olll) and in the laboratorx 
for breaking down some minerals prior to analysis. It is used as a 
fluxing agent in the extraction of copper-nickel ores. 

Sodium Sulphite, Na 2 SO a 

If a solution of caustic soda be divided into two equal parts and 
one is saturated with sulphur dioxide and then mixed w.Hi ' 

the mixture on evaporation deposit? crystals <> 1 *" I 

Na,S0 3 .7H..O On the large scale it is made by passing su ‘1 h r d ox ch 

S crflntion of sodium carbonate, or through a vessel Idled «lth 


through a solution of sodium c. 

washii 
reaction. Steam 


aoiuuuu t' i wvjiuh' - ... i 

, , , • . i- rn loH Oi until the mixture has an at id 

crvstalsof washing soda (Na 2 t U 3 . iun._.w>, . . fhi . 

Steam is blown in to prevent deposition o I m*. > of tin 


SO III- 

ipor- 


bisulphite, after which sodium carbonate is added to thi .i n,, 
tion until no more carbon dioxide is evolved I he liquid i> thu. et. 
ated to crystallizing^int coiour(css ^ ^ anhy 1|U11S if 

molecules of water it >ep*u- 
uatci KKi 
The solu- 


in 


Sodium sulphite 

crystallized above 22 . and contain M \t n 
ated below that temperature li i» readilx '”1. b 

grams of water dissolve 25 Ldhnn sulphate 


tion undergoes oxidation when «•: 

being formed (cf. page 459). ,,. hnil , iet*nt lor 

Solutions of sodium t&ft with 

S&2. 2i ^a,i“ S * •ft»y r r.. >us '" 

It is used in photography as a constituen 

Sodium Hydrogen Sulphite. Sodium Bisulphite. NaHS() ;1 

..... • i . • .(ion |iv saturating a solution oi sodium car- 
rhis IS produced in solut on b> a ^ from (lu> M)lution bv 

bonate with sulphur d oxide • f 0n heating it decomposes 

precipitation with alcohol as a w hite | 


into the sulphate, sulphur dioxide and 

chlor, and as an antiseptic for prtst g . . • 

brewers' casks. It is also a useful reagent m organic 


It is used as an anti- 
sterili/.mg 
hcinistry. 


Sodium Thiosulphate. Na 2 S 2 0 ; , 

This salt was formerly (--glyl 

extent aTready^age iX) ino.icction with thiosulphate? in general. 

Sodium Sulphate was tor.nerly extensively manufactured from 
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the alkali-waste (page 582) of the Leblanc process by exposing it to the 
air for some days, lixiviating with water, adding sodium carbonate, 
and evaporating and crystallizing the remaining solution. The actions 
taking place may be represented as in the equations below, but the 
oxidation is undoubtedly complex and there are probably several 
intermediate stages: 

4CaS 4 3H 2 0 + 30 2 = 3Ca(OH) 2 + CaS 2 0 3 + 2S 
CaS 2 0 3 -f Na 2 C0 3 = CaC0 3 i 4 Na 2 S 2 0 3 . 

It is now made from the waste liquors obtained in the production of 
sodium sulphide. The crude liquor, obtained by dissolving the melt 
(page 591) contains, in addition to the sulphide, sulphate, carbonate and 
sulphite. On concentration, these salts are deposited and are filtered 
off, dissolved in water and treated with burner gases containing sulphur 
dioxide. Sodium thiosulphate is formed according to the equations: 

2Na«S 4 Na 2 C0 3 4 4SO, = 3Na 2 S 2 0 3 4 C0 2 
2Na 2 S 4 3S0 2 4 Na 2 S0 3 = 3Na 2 S 2 0 3 . 

Sodium thiosulphate forms large colourless crystals of Na 2 S 2 0 3 .5H 2 0 
when it separates from water. It is freely soluble in water. On heat¬ 
ing, it decomposes into sodium sulphate and pentasulphide: 

4Na 2 S 2 0 3 = Na 2 S 5 4 3Na 2 S0 4 . 

The action of acids has been mentioned on page 479 and of iodine 
solutions on page 531. The former reaction is used qualitatively for 
the detection of thiosulphates; the latter is of great importance in 
quantitative volumetric analysis. Some of its applications are referred 
to on page 532. 

§ 19 Sodamide and Sodium Cyanide 

Sodamide, NaNH,, is prepared by the action ol dry ammonia gas on metallic 
sodium heated to a temperature ol 300-400° in an -ron vessel. The reaction may 
be represented: 

2Na -f 2NH, = 2NaNH, -t- H r 
The hydrogen escapes along with the excess ol ammonia 

Sodamide is a white wax-like solid, which is decomposed by water: 

NaNH, + H,0 = NaOH + NH*. 

When heated in carbon dioxide, cvanainide is formed: 

2NaNH, + 2CO, = Na t CO, -h CN.NH, + H a O. 

Sodamide is used as an intermediate product in the manufacture of sodium 
cyanide (see below); in the dvestuftfs industry and as a condensing agent in organic 
chemistry. 

When sodamide is heated in a stream ol dry nitrous oxide, sodium azide, 
NaNj. is formed. This is used as a reagent in'organic chemistry and for the 
preparation of lead azide which is used as a detonator: 

NaNIlj + NjO = NaN. + H a O. 


Sodium Cyanide, NaCN 

Sodium cyanide is now manufactured in large quantities, mostly 
from metallic sodium. Metallic sodium is converted into sodamide 
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(as above] by the action of ammonia, and this is then run on.to.red-hot 
charcoal. Sodium cyanam.de is first formed which then reacts 
more carbon forming the cyanide: 

2NaNH 2 + C = Na,N .CN + 2H. 

NajN.CN + C = 2NaCN. _ 

Crude sodium cyanide (suitable for 6 o1 ^ e ^ r ^ ctlo j " 1 ' '^ t or so dium 
fusing calcium cyanamide (n.trohm-page 3U.» ">th »au or 

CaCN, + C + 2N.C. - 2N.CN + C.C, 

CaCN 4 - C 4 Na 2 C0 3 = -NaCN 4- t-aL 3 . 

Sodium cyanide is also prepared <m a ^"^'^s^One method of 
hydrocyanic acid extracted from c for sodium) ferroevanide 

doing this is to convert it cyanide: 

(page 364) which, when fused with sodium. y»eios 

Na Fe(CN), + 2Na = CNaCN + Fe. 

Another (and probably better) Pto ct'arfie' id) 'through solutions 
gas (containing ammonia as well “ ^(N 11 4 fru(CN>,- 

of copper salts whereby ammonium .P ‘added and the liberated 

is formed. Dilute sulphuric acid so da solution, thereby forming 
hydrocyanic acid is absorbed in caustic soda soiuuo 

sodium cyanide: o H CN + CuCN 

INHJ - C ’‘®oS+IhCN-?n’;cn' + 2HA . 

The cuprou. cp.nid. ton-d b bauble »d « ^ «" ,hl 

.te.-ptaolHCN: 2HCN + c „ cN _ (N „,,Xa(CN,,. 

Sodium cyanide is a white cry sullme q sub^tanc,^an^. we ^ 

“ ‘"°" 8 •' a "“““ “ J ”•* 

of hydrocyanic acid. . ninntitics tor the extraction ot gold 

Sodium cyanide is used in large j * an( j i n the laboratory it is 

and silver from their ores (pages • • • “ in i ( j es> Q f some organic corn- 

employed in the preparation o o . US(t j industrially for case- 

pounds and as a reducing ageii■ • . ustry an< l is the raw material 
hardening iron, in the elcctropl g spraying fruit trees, fumiga- 

for the production of hydrocyanic acid for spra> g 

tion, destruction of vermin, etc. 

§20 Sodium Phosphates 

Sodium (ortho) Phosphates and ^ ^ shou , d form 

(Ortho) Phosphoric acid is a u \i - 
three sodium salts. These are «i ^ usua Uy made by adding 

Normal sodium phosphate, Na 3 I 
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the theoretical amount of sodium hydroxide solution to a solution of 
disodium hydrogen phosphate (the ordinary “ sodium phosphate ” of 
commerce and the laboratory): 

Na 2 HP0 4 + NaOH = Na 3 P0 4 + H 2 0. 

On evaporation, white crystals of Na 3 P0 4 .12H*0 separate. It is 
readily soluble in water and its solutions are strongly alkaline owing to 
hydrolysis. It is used commercially under the name tripsa for soften¬ 
ing boiler feed water: the temporary hardness is removed by precipita¬ 
tion as carbonate owing to presence of free alkali, and permanent 
hardness is removed also since calcium and magnesium, if present as 
sulphate or chloride, are both precipitated as phosphates. It is also 
used as a detergent and degreasing agent; as an emulsifier in cheese¬ 
making and for photographic purposes. 

Disodium hydrogen phosphate, Na 2 HP0 4 , is the ordinary “ sodium 
phosphate *’ of the laboratory. It is made by " neutralizing ” phos¬ 
phoric acid with sodium carbonate or caustic soda, using phenol- 
phthalein as indicator. It crystallizes with twelve molecules of water 
of crystallization, and is used as a reagent in the laboratory. It is 
efflorescent, forming Na 2 HP0 4 .7H 2 0 in ordinary air. It is very 
soluble in water. On heating, it loses water, forming sodium pyro¬ 
phosphate : 

2Na 2 HP0 4 = Na 4 P 2 0 7 -f H 2 0. 

" Sodium phosphate ” is used in the textile industry and for 
dye-making. 

Sodium dihydrogen phosphate, NaH 2 P0 4 , is made by adding phos¬ 
phoric acid to a solution of the " ordinary " phosphate until a precipi¬ 
tate is no longer formed when a drop of the solution is added to barium 
chloride solution. Alternatively, the end point may be fixed by the 
use ol methyl orange as indicator. On evaporation, it crystallizes 
out as XaH 2 P0|.H 2 0, in white crystals which are readily soluble. It 
is used as a constituent of some baking powders. On heating, sodium 
metaphosphate is formed: 

NaH 3 P0 4 = NaP0 3 + H 2 0. 

Sodium hexametaphosphate, Na,[Na 4 (P0 3 )] c , is used for softening 
water (page 2S4). 

Sodium ammonium hydrogen phosphate, microcosmic salt, 

Na(NH,). HPO|.4H a O is formed by dissolving equimolecular amounts 
of ammonium chloride and ordinary sodium phosphate in a little hot 
water, filtering oil the sodium chloride precipitated and crystallizing. 
It is used in qualitative analysis for “ bead " tests. 


§ 21 Detection and Determination of Sodium 

Sodium compounds give an intense yellow colour to the bunsen 
flame; but as a test this needs to be used with caution, as it is so 
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extremely sensitive that a minute trace of sodium as impurity might 

*£SSZt,U&»* (in . solution «. ;v,uch 

alkali metals have been removed) by addition o! a so u.on < pi ~ m 

pyroantimonate (page 7SS), and allowing the mix urt > ■ • 

white crystalline precipitate of sodium pyroan .monate Na H^b,0,) 

indicates the presence of sodium >odium is a -o p ii I • 

lar circumstances from solutions containing «ik and ur.n ,.1 acetates 

as yellow sodium zinc uranyl acetate . ii‘.n"thL wav 

corresponding magnesium compound can a * um nu t are 

Sodium is usually determined as sulphate Oth.> mtab are 

removed first (as above) and the remaining solon ca 

sulphuric acid in a platinum basin or i rut i > t u 1 j ^uve f or 

weieht occurs. The use of triple uranyl acetates menttotud above wi¬ 
the quantitative determination of sodium is being ^ >u °P L 

§ 22 Potassium, K 

wood and land toK™ i-.rly dutlngul.W 

it was confused with soda, from w nu n potassium was first 

“ofiuSSVSi &S?l li» i'..U..KSa IU,.J (aflai- 

51 u m „KZpt»,iucl y recently ,1, g-ge ---.%$£. 

Mipplies ol potassium “'"'I'""" 1 ’' « ol >up|V «w« l>'""«'u 

but during the war of HH4-18 otliicr - , was obtained 

into use. Thus a certain amount^ aUim j no . si |.ca«e. 

from orthoclase, a fe spar eonsistn g I More recently 

and also as a by-product of blast-furnac >|>ernon d iscovere<. 
workable deposits of ,H,tassium compoun.1-- 

particularly in the Dead S-s. the l > • ' o( potassium emu- 

All land plants contain cm.si e ablc cuUlv P tioll this is ,„st 

pounds, which are derived Iron, tl jh , not to bo impaired 

from the soil and must be replaced its U as ,,. rl j|Ue4 

Hence suitable potassium ,ompou < - • (ac , potassium 

It is noteworthy that, notwith . corresponding sodium 

compounds are usually about as M) h ' ‘ - s small. This has 

salts, the projiortion of the former tJ so j| ( or potassium ions 

been attributed to the adsorptive p 
being much greater than for sodium ions. 

Preparation of Potassium ... rhl . n with 

Potassium has been made by heating potassium carbonate 


charcoal: 


KjL'O, f -t- - - K + 3C0, 
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but explosions are liable to occur when it is made in this way, owing to 
the formation of potassium carbonyl, K 2 (CO) 2 . Potassium can be 
obtained in the same way as sodium, by electrolysis of the fused 
hydroxide, but the process is not altogether satisfactory owing to the 
greater readiness with which the liberated metal dissolves in the fused 
alkali. It is more satisfactorily obtained using the fused cyanide. It 
can also be made by heating potassium hydroxide or sulphide with 
magnesium, aluminium or iron; or by heating potassium fluoride and 
calcium carbide. But it is not made on any great scale, as sodium will 
serve equally well for almost all purposes. It is used to some extent 
(like sodium) for photo-electric cells (cf. page 575), and it is occasion¬ 
ally required in the laboratory, particularly in organic chemistry. 

Properties 

Potassium is a silvery white metal, which rapidly tarnishes when 
exposed to the air. It is less dense than water (density 0-86). It melts 
at 62-3° and boils at 760°. 

The chemical properties of potassium very closely resemble those of 
sodium, but its reactions are more vigorous. Thus, when dropped on 
water the hydrogen evolved, even from a very small piece of potassium, 
bursts into flame. 

Potassium is noteworthy in being very feebly radio-active, emitting 
p-rays (cf. pages 130 and 894). Potassium exists in three isotopes 
of mass numbers 39, 40 and 41 respectively; it is believed that the 
radio-activity is due to the isotope of mass number 41. 

Atomic Weight 

The atomic weight of potassium has been found in a similar manner 
to that of sodium ; and also by converting a weighed quantity of pure 
potassium chlorate into chloride by heat. 

The value at present recommended by the International Committee 
is 39 090. 


§ 23 Hydride and Oxides of Potassium 

Potassium Hydride, KH 

Potassium combines with hydrogen in the same way as sodium, forming sJender 
white needles of the hydride. It is decomposed by water or by heat with forma¬ 
tion of hydrogen. Like sodium hydride it combines with carbon dioxide with 
the formation of the corresponding formate. 

Oxides of Potassium 

Potassium forms two well-characterized oxides, viz.: 

Potassium monoxide, K 2 0, 

Potassium dioxide, KO.> (or possibly, K 2 0 4 ). 

Others have been reported, but their existence is rather doubtful. 
Potassium monoxide, K 2 0, is obtained by oxidation of potassium 
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in air or oxygen under reduced pressure, any unoxidized potassium 
remaining being removed by distillation i« vacuo. It closely resembles 
sodium monoxide in behaviour. 

Potassium Dioxide, K0 2 

This oxide is formed as a chrome-yellow powder by bmmtng potas¬ 
sium ^ a i r 0 r oxygen, moisture being rigorously excluded, it acts 
upon water, forming hydrogen peroxide and oxygen, if the temperature 

be kept down: 

2KO. + 2HLO = 2KOH + H.O. + 0,. 

"srsrrs 

potassium carbonate and oxygen. 

2K0 2 + CO = K 2 C0 3 + 0 2 . 

§24 Potassium Hydroxide. KOH 

„ . . . is made ill a similar manner to sodium 

u* - --s - r r zxs A 

s i. -» 

Jubfiwh r«.«r ■»<! 

latter solvent is an important ^ hygroscopic substance and is 

hydroxide (or caustic potash) s ^ also ;. ln|> |o\vd lor the absorption 
used as a drying agent for . ,,lnhur dioxide. It is preferred 

of gases such as carbon’ llSoxSdcowing to tiie much 
for this latter purpose ovtr sulphite to crystallize out of 

smaller tendency of the car • , 1 important industrial use 

solution, blocking the flow of g.u>- -Vnoinr 

' S lTis^^ed C for'^thV manufacture ^f 1 soft soap. (Caustic soda ye.ds 
hard soap.) 

§25 Potassium Salts 

A . ,. c „. rv ciosclv resemble the corresponding sodium 

Potassium salts very cl > , y to separ . t u. from solution 

salts. They do not exhibit the same Wi ^ 1|V . r „ M ,, plL . alul 

with water of crystallization, scs Thus pota ssiimi nitrate in 

hence are preferred “ rt J llt J n( acid s such as hydriodic. chloric. 

gunpowder, and the potas. i , |ro(errocyanic . being easier to keep 

^ r Z^n^X«co„ n ,mJily used than the sodium salts. 
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Potassium Carbonate, K 2 C0 3 

Under the name potash, or pot-ashes, this salt has been known since 
very early times. 

It can be made Irom potassium chloride by the Leblanc process, 
cxcactly as described above for sodium carbonate, except that it will 
not crystallize out from the liquor obtained after lixiviation of the 
black ash, and is obtained by evaporating to dryness. 

The Solvay process cannot be used for the production of potassium 
carbonate on account of the too great solubility of the bicarbonate. 
It is usually made, however, by Precht’s process in which solid hydrated 
magnesium carbonate is added to a concentrated solution of potassium 
chloride. Carbon dioxide is passed in and a precipitate of magnesium 
potassium hydrogen carbonate—MgKH(C0 3 ) 2 .4H 2 0—is formed, which 
is filtered off: 

2KC1 + 3MgC0 3 - 1 - COo -f 9H 2 0 = 

2{MgKH(C0 3 ),.4H 2 0} 4 . + MgCl,. 

This precipitate is either treated with water at 140° under pressure 
when insoluble magnesium carbonate and potassium carbonate solution 
are formed: 

2{MgKH(C0 3 ),.4H,0 ! = 2MgCO, + K.CO, + CO, + 9H,0; 
or with a suspension ot magnesium oxide in water below 20 °: 

2{ Mg K H (C0 3 ),. 4H ,0 } + MgO = 3(MgC0 3 .3H,0) + K 5 C0 3 . 

I 11 either case the magnesium carbonate is filtered off and used again. 

Potassium carbonate is extracted from various animal and vegetable 
products. Thus the suint (the oily sweat! extracted from raw wool 
(which contains up to 30 per cent, of suint) contains a considerable 
quantity of potassium carbonate which is recovered by evaporation 
of the liquors used for washing the raw wool. A certain amount is 
also recovered from the residues from beet sugar manufacture, and 
from the ashes of wood which may contain 15 per cent, of potassium 
carbonate. 

Potassium carbonate is a white deliquescent substance very soluble 
in water: 100 grams of water dissolve 112 grams of potassium car¬ 
bonate at 20°. It is used to some extent in the laboratory as a drying 
agent, particularly in organic chemistry. It is also employed for the 
manufacture of soft soap: of hard glass (page 724), in dyeing, and as 
a starting point for the production of many potassium salts. It is used 
in the laboratory, mixed with sodium carbonate, as fusion mixture. 

Hoi concentrated aqueous solutions of potassium carbonate at 
temperatures between 10‘ and 25 c deposit crystals of a trihydrate. 
KXOj|.3H.,0; these crystals at I00 c lose two molecules of water, 
forming the monohydrate, K 2 C0 3 .H 2 0. The latter become anhydrous 
at 130' 
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Potassium bicarbonate, KHC0 3 . is readily obtained as a white 
crystalline powder by passing carbon dioxide through a cold saturated 
solution of the normal carbonate. It is much less soluble than the 
latter: 100 grams of water dissolve 27-7 grams of potassium bicarbonate 

at 10°. 

Potassium Chloride, KC1 . 

This salt occurs in large quantities in the Stassfurt deposits either 
as the mineral sZnc (principally KC1) or as camalhu (mainly 
KCl.MgCl,.fiH,0). Most of the potassium chloride of^™ crce 14 
extracted from carnallite. and from the waters of the IXad . ea. 

The crude carnallite is crushed am! digested m Ultl ) ^ 
mother'UquVr bft from preceding oration, 

SS and J <l.ssolve. while 

most of the sodium chloride and magnesium su phat^ ^ ociacd " ,th 

«££$!*£ Sr S^-l^th^n^h^and 

a little magmwum «e^r • l( , m)Ve thr more s „i u ble 

chloride are washed with cola wax . • j effected bv 

sodium chloride. Further purification if required, is effected oy 

recrystallization. carnallite is only stable in 

This process depends u|x»^^‘.T^ium chloride, being 
solution in presence ol a largi 

otherwise resolved into its constituen s< sodium chloride. 

Potassium chloride crystallizes " ‘ ^ mor , solubl( . than 

which it closely resemble- in nwl m , o , ( , rhus | 0 o grams of 

sodium chloride in hot water but 1 ■ - ■ ^ )rj(|i . at „ a „d 5t>-7 grams 
water dissolve 27 (> grains of potassl , IM j the manufacture 

at 100°. It is used extensively as a fern iz.r auu 
of caustic potash and other potassium sails. 

Potassium Bromide. KBr from , h( . cnldc bromide of 

Potassium bromide is made toninn \ solution of this 

iron formed by treating bromine w hen a mixture of 

bromide is added to potassium car •■ . ( tass j u ,„ bromide 

ferrous and ferric hydroxides is precipitated I 

remains in solution: ,, r 

3Fc + 4Bi, = l« :1 Br,. 

Fe 3 Br„ + 4K 8 CO, + 4H..0 = *KBi 4 2,,, ' ,0 " ) * + 1 ' (0,l) * + 4 ^°‘" 
The solution » Mured. and cr >”"''“' d 

*VS2L bromide . thus ..I - ... «"—• **“ 
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are very soluble in water: 100 grams of water dissolve 65-2 grams of 
potassium bromide at 20°. 

It is used extensively in the manufacture of photographic plates, 
films and papers, as a constituent of photographic developers and, as 
a sedative, in medicine. 

Potassium iodide, KI, is made commercially in a similar manner 
to that employed for the bromide, which it resembles in many ways. 
It crystallizes from water in white cubic crystals, which are very 
soluble in water: 100 grams of water dissolve 144 grams of potassium 
iodide at 20°. 

Potassium iodide is used in volumetric analysis, partly on account 
of its solvent action on iodine (owing to the formation of the compound 
KI S ), and as a convenient salt from which iodine may be liberated 
quantitatively by oxidizing agents, so serving for their determination 
(see page 532). Its solution will also dissolve the iodides of several other 
metals which are normally insoluble in water. Among these may be 
mentioned silver iodide and mercuric iodide. The solution of the 
latter (which contains potassium mercuric iodide, K 2 HgI 4 ) is known as 
Nessler’s Solution and is used for the detection of minute traces of 
ammonia, particularly in water analysis. Nessler's solution gives an 
intense yellow-brown coloration with ammonia. Potassium iodide is 
also used in photography, and in medicine. 


§26 Potassium Nitrate, Nitre, Saltpetre, KN0 3 

Potassium nitrate has been known since quite early times and has 
for a long period found important applications. Although the sodium 
nitrate of the Chile nitrate beds had become, until the advent of 
fixation processes, the principal source of the world’s supply of nitrates, 
potassium nitrate was, and is, preferred for many purposes. 

Potassium nitrate occurs as an incrustation on the soil in hot 
countries, particularly in the neighbourhood of villages (e.g., in India), 
where the ground becomes saturated with crude sewage. The nitrifying 
bacteria of the soil (page 412) convert the nitrogenous compounds pres¬ 
ent into nitrates—principally potassium nitrate, since potassium salts 
ore always present in fertile soil. The “ nitre " can be extracted by 
lixiviation. This process was imitated (e.g., in France during the 
Napoleonic Wars) by the construction of nitre beds. 

Most of the potassium nitrate of commerce is made by the action of 
potassium chloride from Stassfurt on sodium nitrate from Chile. The 
practicability of this process depends upon the fact that of all the four 
salts which may be present when hot, saturated solutions of these two 
are mixed: 

NaN0 3 + KCl ^ KN0 3 + NaCl, 

the least soluble in the hot mixture will be sodium chloride, which 
will therefore separate out. If this salt be removed by filtration while 


25] 


THE ALKALI METALS 


603 



60 ° 80 ° 
Temperature C. 

F|C 25.10.—Solubility Curves ol 
Potiiiisiura Nitrate, etc 


The solubility of sodium chloride - -- SK ” 1 

which might contaminate the 
nitrate changes so little with tem¬ 
perature that practically no more 
separates. These phenomena can 
be deduced from the solubility 

curves of Fig. 25.10. Q 

The rise of the synthetic mtro- s 120 
gen industry has stimulated .s 
attempts to make potassium 
nitrate without first preparing 
sodium nitrate. Direct reaction 
between nitric acid and potassium 
chloride has been tried; but the 
formation of nitrosyl chloride is a 
difficulty to be overcome. Many 
other methods have been sug¬ 
gested, e.g., using magnesium 
nitrate (from kieserite and nitric , potassium chloride, 

acid); calcium nitrate or ammonium nitrate ana po^ ^ m 

I Potassium nitrate is obt f" e ^ ar Lly so in cold. 100 grams 

air, easily soluble in hot water b - oUssium nitrate at 100°, and 

of water will dissolve -40 grams I j , nposes like the sodium 
only 32 grams at 20°. O^ ^^Sfun, nitrate in chemical 
salt yielding the nitrite 11 _ c no f hygroscopic, it is preferred for such 
properties but. since it is not • ^ , below). 

purposes as the production of gunpo . the manu facture of 

The chief use of potassium pickUng meat, and in 

fireworks and gunpowder. It is * 
medicine. 

G 7rL»n U 

gunpowder, but there is every rtas ^ ap . )cars to have been intro- 
information from an Arabian soi • sa ij to have been first 

duced into Europe from the • a ™ e '’ ( Verc water (1327) and also with 
used by the English at the battle of \\ ^ of < recy (13 46). 
memorable effect by Edward HI • pr oximatcly 75 per cent, of 

Gunpowder consists of a raw ^ an< | 13 percent, of charcoal, 

potassium nitrate, 12 percent, o I ^ cn ignited, these materials 
intimately ground under heavy ro • j volume of gas, 

react JL explosive that if the powder 

so much greater than that of t ' es give the mixture the 

be ignited in a closed space the expanding ga © 
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propelling and splitting powers characteristic of explosives. Theoreti¬ 
cally, the reaction is represented: 

2KNO a -f S + 3C = K 2 S 4- N 2 + 3C0 2 , 

the potassium sulphide remaining as a solid residue, though the 
reaction is more complicated than this and side reactions cause other 
products to be formed, including potassium carbonate and potassium 
sulphate. 


§27 Potassium Sulphides and Sulphates 

Potassium Sulphides 

These compounds closely resemble the corresponding sodium derivatives, and 
can be prepared in a similar way. A substance known as liver of sulphur, which 
was formerly used in laboratory work (e g., by Cavendish, page 551), is prepared 
by fusing potassium carbonate with an excess of sulphur, and consists largely of 
potassium pcntasulphidc, K t S s . together with smaller quantities of other sul¬ 
phides. and potassium sulphate and thiosulphate. A solution of liver of sulphur 
is used as a garden spray against mildew and insects. 


Potassium Sulphate, K. 2 S0 4 

Potassium sulphate occurs in large quantities in various double salts 
ol the Stassfurt deposits, e.g., schonite. K. 2 S0 4 .MgS0 4 .6H 2 0. and 
kainitc, K 2 S0 4 .MgS0 4 .MgCl 2 .6H 2 0, from which it is prepared. If a 
hot saturated solution of kainite be allowed to cool, schonite separates. 
This is treated with sylvine (potassium chloride) solution, when the 
following reaction occurs: 

K 2 SO, MgSO,.611,0 + 2KC1 = 2K 2 S0 4 + MgCl 2 + GH 2 0. 

The sparingly soluble, anhydrous potassium sulphate separates first— 
the mother liquor, on concentration, deposits carnallite (page 601), 
KCl.MgCI 2 .6H 2 0, from which potassium chloride (page 601) and 
magnesium chloride are prepared. Potassium sulphate is also manu¬ 
factured in small quantities by heating potassium chloride with 
sulphuric acid and as a by-product in the manufacture of potassium 
dichroinate and potassium permanganate. 

Potassium sulphate crystallizes from aqueous solution in colourless 
crvstals without water of crystallization. It is not very soluble in 
water: 100 grams ol water will dissolve 11-11 grains of potassium 
Milphate at 20'. It is used for making potash alum, and as a fertilizer, 
particularly for tobacco and for wheat, in which latter it markedly 
improves the quality of the straw. 

Potassium bisulphatc, potassium hydrogen sulphate, KHS0 4 , closely 
resembles the corresponding sodium salt. It is used to attack refractory 
minerals for analysis. 

Potassium cyanide, KCN, was formerly made by heating potassium 
ferrocyanide either alone or mixed with potassium carbonate: 

K 4 Fe(CN) # = 4KCN 4- Fe -t- 2C 4 X,. 

K 4 Fc(CN) 6 + KXO, = 5KCN + KCNO -f Fe + C0 2 , 
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p^assium: ^ + * K = 6KCN + F.. 

and mi x,u« .< '5.S “ 

similar use of metallic sodium in this process 

P0, “ Sl “TSicNI. + ®.. 2 N. C N + « C N t F , 


§ 28 Detection and Determination of Potassium 

Potassium salts impart a o’f lodiurn. but it 

Bame. This is easily obscured b\ * - potassium flame can 

the flame bo observed through blue glass the I 

be readily detected. . , n (nro vided other metals than 

Potassium can be detected m M) bv addition of a solution of 

the alkali metals have been remoAed) b> admt ^ by 


K 2 rtCl 6 —indicates uu* , ivc a wlute precipitate 01 

percent, solution) and akoho wi > ..^pensive reagent than platinic 
potassium perchlorate. lhi> i> * l ^ \nother sensitive test is the 
chloride, and equally effective w hich gives a yellow 

addition of a solution of sodmm coba tu " Q 

precipitate of potassium coba in 'i..termined as sulphate, but the 
Like sodium, potassium is usual > k ^ cn0y lh ‘ reaction with 
chloroplatinate has also been \\>* < * . success to the determina- 

sodium cobaltinitrite has been appluu 
tion of potassium. 

(j 29 Rubidium and Caesium, Rb and Cs 

* i u- wv l tied 10 sodium and potassium, arc 

These two elements, which are c o>« ^ utXMi vd. t>«t caesium ^trc-inely 
both rare elements Rubidium is o||t , , M . r cent m the mineral Upulolitc 

rare Rubidium occurs to the c x 1 r,j:,i contains aboui lMiJ.»p»rct • 

(page 569); and carnalhte I- • ur very small *iuaiit»tics i 

rubidium chloride Both rul»< M,m ^1 -^ ,,, lalinatc) Caesium ,s loan 
certain mineral waters (e.gat J h ,U a silicate loutul on the island 

also in the vciy rare mineral potlnx. or P 

Elba i .. isr.l hv Bunsen and Kirchott by means 

Both these dement* were lofty ion* of the *v.. , or e;l 

ol the spectroscope. Ihcy evapo * p |S an d lithium b> preupi a , 

Durkhciin. and removed the a examination ol the liltrate . 

ammonium carbonate. Spec " Wl [ ||n tW o splendid blue lines nea 

the lines ol lithium, sodium and om> „ond with tlioM ol any then knox 

strontium line. Since thesehnesd^ were due to the presence ol 

element Bunsen and Kircholl wnd'^. UII1 (from the Latin blue o. 

a new element an<l gave it the 

the eyes). „ lhc alklhs tr om icp.dobte. and washing ‘he pree.p.tau 

Similarly, on extracting the aixans 
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obtained by treating the solution ol the alkalis with hydrochloro-platinic acid 
with boiling water, they obtained a residue which, when examined spectro¬ 
scopically, gave, besides those due to strontium and potassium, a number of new 
lines. Two of these lines lay very far to the red end of the spectrum and hence 
the new element was named rubidium (from the Latin rubidus, dark red). 

Both these elements closely resemble potassium. Metallic rubidium has been 
obtained by heating an intimate mixture of the carbonate and finely divided 
carbon. Also by heating the chloride with calcium in an exhausted tube of hard 
glass. It is softer, more fusible (m.p. 38°), more volatile (b.p. 700°) and denser 
f(d. 1*525) than potassium. Chemically, it is very similar, but its actions are 
more vigorous. Like potassium, it exhibits feeble radio-activity. 

Caesium exhibits similar divergence from potassium to a greater degree. Thus, 
it melts at 26°, boils at 670°, and its density is 1*0. It is even more vigorous in 
its chemical activity than rubidium, but is not radio-active. The metal has been 
obtained by heating the hydroxide with magnesium and by electrolysing a fused 
mixture of caesium and barium cyanides and. like rubidium, by means of calcium. 

A characteristic property of these two elements, in which they differ from the 
other alkali metals, is in the readiness with which they form stable polyhalides. 
Among these may be mentioned Rblj, Csl 3 , Csl 4 , CsBr $1 CsIjBr, RbCIBrI, 
CsIBr,. RbFlClj, CsFlCl, An alloy of caesium and silver is used in the cmitron 
or " electric eye " used in television. 

The atomic weights of rubidium and caesium were determined by conversion 
of the chlorides and bromides into silver chloride and bromide. The values at 
present recommended as the most probable arc 85-48 for rubidium, and 132-91 
for caesium. The atomic weight of caesium has also been found by the action 
of silica on caesium nitrate, by which means the ratio Cs,0: N t O* can be found. 


§ 30 Element No. 87 

There is a gap in the Periodic Table between niton and radium, indicated 
clearly by the atomic numbers of the neighbouring elements. This missing 
element would be an alkali metal of high atomic weight (approx. 224) and possibly 
radio-active. 

In 1931 it was stated that X-ray examination ol residues from some minerals 
relatively rich in caesium reveal a line indicating the presence, in very small 
amount, of the element of atomic number 87. 

The evidence has. however, been reviewed critically by Noddack (who dis¬ 
covered rhenium in 1925) and he concludes that the presence of clement No. 87 
has not been established. 


CHAPTER 26 

COPPER, SILVER AND GOLD 

The nrooerties ol an element in two different states 01 oxidation differ abso¬ 
lutely from*one another; and in these two states the element appears m two 

“ME? SlVtfcXtti wherever gorgeous ornament isrequire* as 
well LTn the simplest designs ol art-from the gh.tenng crovm of an emperor 
to the neat little wedding nng ol the village niaid-lias .mparted to goia 
interest which other metals have (ailed to excite —H. bowERBY. 


§ 1 Copper, Cu. History and Occurrence 


History 


Copper aoDears to have been known trom prehistoric times—the 
Neolithic Ag|e—long before the histories of_theancient peop^ wer, 

engraved on stone pillars or inscribed on pap> • b ° c i 

followed the "stone age.” At the time of Rameses II (about 1300 B.C.), 
copper was so costly that it was stored among the treasures of Egyptian 
Zpl^s Cop^r appears to have been used for making utensils and 
instruments fonwa/before iron. This is probably owing: to_ hl ^^ tha 
copper occurs native in a form requiring no metaUurgical treatmen 
The ancients used the terms X aA«os (chalcos) and aeslo ,^ c0 PP® r ; ^ 

and bronze. In fact, the terms for copper, brass, an ^. did not 
confused by the old writers, e.g.. I liny, showing: that > ,, , 

understand the difference. Pliny wrote a celebirated «ory 

at the beginning of this era. In this book he laborious 1 ) garnered « h t 
he could of facts and fable then known concerning nature hence the 
book is often quoted. Copper was afterwards c'aUed ‘ 

Cyprian brass), since the Romans first obtained it fro n 

Cyprus; the term aes cyprium was soon abbreviated to cuprum. Hence 

the modern symbol " Cu. M 

Occurrence ., 

Metallic copper is found in many localities; e.g., consi 
masses have been found in Michigan, on the shoves * /-^upenw,. 
and small quantities in many other places-Comwal . biUr a ’ ^ ral ; 
Australia Chile etc. Compounds of copper are distributed m nature 
“inS'rS or rubV ore. Cu.,0; as sulphide «i(Ug(. ° 

Conner elance Cu„S; copper pyrites or chalcopynU. Cut rb, or 
C u P sT Fe 6 S The real composition of many copper sulphides, as they 
occur !n nature is exceedingly complex. The same --rk - -.re o 
less true for the composition of most natural minerals, at U. is clu mum 
formulae which follow the analyses are very conqile^ The 

formulae for minerals are commonl) represented as if pure mine 

007 
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occurred in nature. Ideally pure minerals very seldom occur in nature, 
and accordingly, the formulae represent ideal or imaginary minerals 
to which real minerals approximate more or less closely. Copper also 
occurs in many places as basic carbonate, malachite, CuC0 3 .Cu(0H) 2 ; 
and azurite, 2CuC0 3 .Cu(0H) 2 . Copper silicates, arsenates, phosphates, 
etc., are also known to occur. Copper has also been found in the 
feathers of some birds and in the blood of a shore crab on the New 
England coast of the U.S.A. 


§ 2 Manufacture of Copper 

The principal source of copper is copper pyrites, which contains 
varying amounts of copper and iron sulphides, though a good deal is 
obtained from the deposits of native copper on the shores of Lake 
Superior, etc. 

The precise methods employed in the extraction vary according to 
the ore and the district but, broadly speaking, are as follows. The 
stages in the process may be summarized as follows: 

1. Concentration of the ore by flbtation. 

2. Roasting of the ore. 

3. Smelting (production of matte). 

4. Conversion of matte to blister copper. 

5. Refining of blister copper. 

1. Concentration of the Ore 

I his is effected by grinding the ore to a fine powder, after which 
the metal-bearing particles are separated from the gangue, etc., by 
agitation with water and suitable reagents, so that the froth so formed 
carries with it a desired constituent of the original ore. The froth is 
made to overflow and is collected. In this way, quite low-grade ores, 
which could not formerly be smelted economically, are now concen¬ 
trated up to 25 per cent, of copper. 

2. Roasting the Ore 

The ore is next roasted in a furnace consisting of a vertical tier of 
nine or more circular hearths. Each hearth is provided with a rotating 
raking device and the whole furnace is so arranged that the ore charged 
on to the top hearth gradually moves down the furnace from hearth to 
hearth. No fuel is usually required since the oxidation of the sulphur 
in the ore furnishes sufficient heat to keep the process going. Copper 
sulphide oxidizes much less rapidly than iron sulphide and the roasting 
is so adjusted that, when completed, the amount of sulphur still 
remaining is just sufficient to combine with all the copper present. 
The sulphur dioxide may be made into sulphuric acid, or (in the future) 
will probably be reduced to sulphur (page 457). 
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3. Smelting—Production of Matte 

This stage in the process was formerly carried out in blast furnaces 
but is now done in a reverberatory furnace. The roasted ore (mixed 
with silica if necessary) is heated in such a furnace and the copper 
present combines with the sulphur to form cuprous sup i e. ic 
ferrous oxide formed in the roasting forms a slag with the silic... any 
excess of sulphur forms iron sulphide. 

2CuFeSj + 40., = Cu.S + -’FeO + :$S0 8 
FeO + SiO., = FeSiO,. 

The mixture of copper and iron sulphides melts together to form matte 
and the slag floats on the surface of this. The slag is run oft continu¬ 
ously and the molten matte is tipped at intervals into large ladles and 
conveyed to the converters for the next prottss. 

4. Conversion to Blister Copper 

The molten matte is run into a converter (similar to the corner 

converter used in steel manufacture, page ■> 1111 ^ blown 

and an appropriate amount of silica ,s added. A bks »fX metal" 
through the melt, oxidising the sulphur, iron and mat to he metal 
(if uresent) The volatile oxides are driven oft and tb< iron oxia.s 
combine with the silica to form a slag. Some of the cuprous sulphide 

oxidized to cuprous oxide: 

2Cu 4 S + 30 2 = 2Cu.£> r ->0 2 . 

and the blowing is continued until cuprous sulphide and ox.de are 
present in right amount to bring about the n.u «> 

Cu 2 S + 2 Cu 2 0 = «Cu 4- S0 3 . 

The progress of the operation can be accurately 

ance of the flame issuing from the mouth copper is begin- 

matte is completely converted to copper (and S of , eg 'JJ # 

ning to oxidize), bv the metal is expelled. 

Hone, .he prodnc.i. known 

as blister copper. 

5. Refining the Crude Copper 

Two methods have been used *»«r '.^.'"'urnac^n'ahod blister 

reverberatory furnace and \ Uctr< > , fu aa , in s(re am of air. Any 
copper is melted in a reverberatory ars ,. mc v „| at ilUes as the 

sulphur left is removed as sulphur d •«. ^ sca)e o( oxide w l,,rh is 
tnoxide, and other metals, e.g-. * contains cuprous oxide, 

skimmed off. The ^ removed by stirnng it 

.b« t b« hydrocarbons forn.cd, in bubbbnn 
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through the molten metal, reduce it to copper. The product contains 
about 99-5 per cent, of copper and is known as tough pitch copper. 

If a metal of very high purity is required (e.g., for electrical pur¬ 
poses) or if gold and silver are present in recoverable quantities the 
tough pitch copper is further refined by electrolysis. Slabs of crude 
metal for anodes are suspended between thin cathodes of pure copper 
in a bath containing about 15 per cent, of copper sulphate and 5 per 
cent, of sulphuric acid. When the current is passed, copper dissolves 
from the anodes, and pure copper is deposited on the cathodes, the net 
result being the transference of the copper from anode to cathode. 
The impurities from the anode either pass into solution or are deposited 
as a slime near the anode (anode mud). Considerable amounts of 
silver and gold are obtained from the anode mud. Thus American 
“ copper ” furnishes 110 oz. per ton of silver and £ oz. per ton of gold 
a quantity nearly sufficient to pay for the cost of refining. Electrolytic 
copper is 99-96 to 99-99 per cent. pure. 

§3 Properties of Copper 

Copper has a characteristic reddish-brown colour when a clean 
surface is seen by reflected light; but in transmitted light thin layers 
are green. It can be obtained in octahedral crystals (cubic system). 
Copper melts at 1083° if heated in an atmosphere of carbon monoxide; 
in air the melting point is some 20° lower owing to the formation of 
cuprous oxide which dissolves in the molten metal. It is a fairly 
dense metal, its specific gravity being 8-92 at 20°, and it is an excellent 
conductor of heat and electricity. The molten metal mixes readily with 
many other metals forming alloys (see below). 

Copper does not burn in air, but is gradually converted into cuprous 
(Cu 2 0) and cupric (CuO) oxides on its surface when heated to redness. 
The finely divided metal will burn in chlorine or sulphur vapour. It 
does not react with steam at any temperature below white heat, and 
then only to a very slight extent. Copper is below hydrogen in the 
electrochemical series (page 208) and hence does not react with acids 
unless they are also oxidizing agents, or form complex ions with copper. 
It is, however, also slowly attacked by some acids in presence of air, 
owing to the slow oxidizing action of the air. 

Although unaffected by dry air at the ordinary temperature, exposure 
to moist air causes the formation of a beautiful green coating or patina. 
This was for long said to be a basic copper carbonate, but Vernon and 
Whitby (1929) have shown that it is, in inland places, a basic sulphate— 
CuS0 4 .3Cu( 0H) 2 , while near the sea this is accompanied by a basic 
chloride—CuCl 2 .3Cu(OH) 2 . 

Copper reacts readily with nitric acid, oxides of nitrogen being 
formed. With the dilute acid, nitric oxide (along with a little nitrogen 
peroxide) is formed (cf. page 427), while with the concentrated acid 
nitrogen peroxide predominates: 
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page 420. It is cu completely freed from nitrous acid. 

readily formedL sulphuric acid if air is present. 

»?E«. 

2Cu + 2H 2 SOj + O* = 2CuS0 4 + 2H 2 0. 

Hot concentrated sol,,hurt, acid readilv -eacu «Hb copper, rulptio, 

dioxide being evolved (page 4o5). 

Cu + 2 HjS 0 4 = CuS0 4 + SOj + 2H.O. 

SiSS;:8i:8& 

The familiar experiment of ol copper mT the blade, 

solution, with consequent for it/fum. displace silver, gold 

S, t„ SSL. since fhes. mefafs arc still force, in 

,h, , c „ (NOj| , + 2Ag . 

§ 4 Alloys of Copper 

n .re with other metals and many of these are 
Copper readilyforms alloys ^ . X Ta51e X L (page 612) shows 

of considerable importance of t hem. 

the approximate composition of (q coppcr _ tin ano y S but nowa- 

Bronze is the name origmaiyg copper alloys in which resistance 
days the name is used for ; Xhus manganese bronze is really 

to wear is an essent.al a lUtlemanganese. Bronzes arc tough 

a high-tensile brass cont;ll Q ^ nary bronze is used for making statues 
and tenacious materials. ° d h( ^. bronzc is one of the strongest of 
coins, ornaments, etc. ri ! . va i V es, etc., where strength 

non-ferrous metals and * U!> bc> comb ined with resistance to corrosion. 

and resistance to wear mu * t improV e the anti-friction and machining 
Lead is frequently added to improve in ^ of shi ps and in 

SSry^nfX''bronze /a hard, light, yellowish- 
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Table XL. —Copper Alloys 


Percentage of 


Alloy 

Copper 

Tin 

Zinc 

Lead 

Iron 

Nickel 

Other 

Elements 

Bronze: 




sometimes 




Ordinary bronze . 

88-96 

4-12 


0-5 




Gunmctal . 

88 

10 

2 

0-5 




Phosphor-bronze . 

85 

13 





P 0-25-2-5 

Aluminium-bronze 

81-5-90 0-0*5 




0-6 

A17-12 

Silicon-bronze 

95-98 

2-5 





Si 2-5 







sometimes 


Lead-bronze 

66-86 

4 


10-30 


1 


Beryllium-bronze 

97-75 






Be 2-25 

Bell metal . 

80 

20 






Manganese-bron ze 

59 

1 


up to 40 




Brass: 








Gilding metal 

90 


10 

■> 

0-5 




Alpha or “70: 30” 

70 


30 


often 




Alpha-beta or 





r 




“GO : 40” . 

57-63 


37-43 

added 




Naval brass 

62 

1 

37 






Brazing metal 

50 


50 





Dutch metal 

80 


20 





Copper-lead . 

50-70 



30-50 




Speculum metal 

66-68 

32-34 






German silver 

25-50 


25-35 



10-35 


Delta metal 

60 


38-2 


1-8 



Monel metal 

27 




2-3 

68 


Constantan . 

60 





40 


Briti.sh copper 








coinage 

95-95-5 

3-4 

1-1-5 






brown alloy, used for making the hulls of yachts, etc. Silicon-bronze 
is used for telegraph wires. 

brass is a fairly soft alloy and can be readily turned on a lathe or 
otherwise worked. It is an alloy of copper and zinc. There are many 
dilfcrent types of brass but they can be roughly classified as shown in 
the table. Gilding metal is used chiefly for ornament; "70-30" for 
heavy cold working; “ 60-40 ” for hot working. In its various forms 
it thus finds many uses, e.g., for the manufacture of pins, and for 
many parts of machinery, and in making musical instruments. Bell 
metal is used in bell-founding, gunmctal was formerly used for making 
cannon and now finds other uses, particularly for engineering purposes 
such as for gears and bearings. Speculum metal is used for optical 
instruments, and german silver for making resistance coils and for 
imitating silver. Delta metal might be described as a brass to which 
iron has been added, and is characterized by a very high tensile 
strength. Monel metal is a copper-nickel alloy which also has a high 
tensile strength and, in addition, is very resistant to chemical action 
m> that it is extensively employed in chemical industry (e.g., caustic 
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soda manufacture, page 578). The addition of M to 1 per cent of 
tellurium to copper improves its machining qua tics to a «ge "ten^. 
This alloy came into prominence during the war (183. • 

1 percent, of z.nc Son e t~ue>^ cent.; and zinc. 1-5 per 

2Si. iss. ss^psfft 

per cent, of nickel, later i'>ut> • • \ Ut . coln ,Motion: silver. 50; 
nickel. Silver coins minted alt • - ^ {|u , USi . M | vt . r f or coinage 

copper. 40; zinc. o; n,ckl J a of a „d all coins minted before 
ceased in this.country at th. iml ' , ■ re|>laced by coins made 

that date are being withdrawn- • • ?r } ocr cen t of copper, 

of an alloy of copper and nickel containing <•> per PF 

(Cf. page 627.) 


§ 5 Uses of Copper 

§ is f metal we have. Enormous 

Next to iron, copper is the rr • t iiKl(1 , trk . s for household utensils 
quantities are used in the lUitr ' ti|j ,. s ilR . UM d for the fireboxes ot 

and for brewery vessel--. 1-ar^ 1 ^ jn * lat j,„ w rv plant, topper 

locomotive boilers and fi>i >»•* J * >h ,. at |,in S wooden ships. As 
nails, rivets and sheeting were used for constl , uo ,« of 

mentioned in the preceding se< j vivlI)1 , ,. N , t .„ M vc use in the pure 
many alloys. Copper is notal lh ,. u properties modified by 

condition; most metals require to > |1C £ in order to make 

the* addition of small quantity ( onix*r have important uses; 

them most useful. Many comP 01 ]1 ‘ ai , (>l the compounds concerned, 
these will be mentioned under the hea.lmg l 


§6 Atomic Weight of Copper 

i ..... t<> he m the neighbourhood of 
The atomic weight of copper p * |)|M . r compounds, and bv 

63-5 by the vapour dens»t> <>> ''»* sik-cAc lu-at. 

the application of Uulong and j (lelcrm ined bv many methods. 

The combining weight ha* - {yi ^ a)M | depends upon the 

The accepted “ International • synthesized cupric chloride 

work of Honigschmid and !«> itation of silver chloride. Their 

and compared it W1 V in ">1 > in a series of twentv determinations 
values range from 03-539 to <>3-.>4.> in a 

the mean value being 63-542. 
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§7 Copper Hydrides and Oxides 

Cuprous Hydride, CuH or Cu s H t , is believed to be lormed as a red precipitate 
by the action of hyposulphites (page 480) or of hypophosphites (page 704) on 
solutions of copper sulphate. It is a very unstable, reddish-brown substance and 
cannot be kept for any length of time, since it decomposes suddenly, leaving a 
sponge of metallic copper. 

Cupric Hydride, CuH,, has been reported as an intermediate compound in 
the formation of cuprous hydride, into which it is supposed to decompose with 
evolution of hydrogen. The existence of a definite compound. CuH t . is, however, 
very doubtful. 

Copper furnishes three oxides whose existence is established, viz.: 

Cuprous oxide, Cu 2 0, 

Cupric oxide, CuO, 

Copper dioxide, Cu0 2 , 

of which only the first two are ot any particular importance. In 
addition, oxides of the formulae Cu 3 0 and Cu 4 0 have been reported, 
but the evidence is indecisive. 

Cuprous Oxide, Cu 2 0 

Cuprous oxide is formed when copper or copper oxide is heated to a 
high temperature, but cannot be prepared pure in this way. It is 
made either by heating cupric oxide with copper powder: 

Cu 4 CuO = Cu 2 0, 

or, better, by the action of glucose on an alkaline solution of a cupric 
salt. The addition of sodium hydroxide to a solution of copper 
sulphate causes the precipitation of cupric hydroxide (below, page 616); 
but if Rochelle salt (sodium potassium tartrate) be first added to the 
solution, no precipitate results with sodium hydroxide, and a deep blue 
solution is formed. (This result is probably a consequence of the forma¬ 
tion of a complex copper tartrate which is soluble.) If to this solution 
glucose be added and the mixture warmed, the blue colour disappears 
and cuprous oxide is precipitated as a red powder. 

Cuprous oxide is an insoluble red powder. When heated in air it is 
partly oxidized to cupric oxide; and it is easily reduced to metallic 
copper by heating in a stream of hydrogen or coal gas. With most 
acids its behaviour is unusual, for instead of forming a cuprous salt, 
the corresponding cupric salt results and free copper is deposited, e.g.: 

Cu 2 0 + H 2 S0 4 = CuS0 4 4 Cu 4 H 2 0. 

Yet with hydrochloric acid, cuprous chloride (CuCl) is formed, but 
dissolves in excess of the acid probably because of the formation of 
chloro-cuprous acid: 

Cu 2 0 + 2HC1 = 2CuCl + H,0 
CuCl -f- 3HC1 = H 3 CuC1 4 . 

Nitric acid reacts violently with cuprous oxide, forming cupric nitrate 
and oxides of nitrogen It may be that cupric nitrate and copper are 
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first formed and that the free copper then reacts with more nftnc acid. 

Cuprous oxide is extensively used in the glass industry, since it 
imparts* a S deep red colour to glass. It is also employed in preparing 
anti-rust paints. Red Chinese flambe glazes are produced by develop¬ 
ing glazes containing copper oxide in a reducng atmosphere. The 
colour is probably coUoidal copper suspended in the glaze. 

Cupric Oxide, CuO 

standard method^ (cC^ag'ef sTo-Tj? if is prepared i/the Montoiy 
by heating the nitrate (obtained from copper and nitric acid), tn 

carbonate or the hydroxide (q.v.). native carbonate) * 

and P heateTto U redness. thereby converting the wholemto the oxjde^ 

to C m^eiate d hwttng! a ^t P °at < ^high 0 **^I ,< ^**“^ e ^ e ^^®^j^^ u ^^ 
composes into oxygen and cuprous oxKk. N monoxide, 

to the metal by reducing agents such oxidc and (orn , s 

hydrocarbons, and carbon. It ® (f)ric sa i ts (pages 620 - 22 ). 

characteristic salts with many acids P green or blue 

It is used in glaz.es and tion o ? f^‘SiefState. It 

colour; probably on account of th " orK .,„ic compounds, the 
is used in the laboratory m the ™ J^ t °' c X n dioxld l e and water 
carbon and hydrogen of which it oxia 

respectively. 

Copper Peroxide, Copper Dioxide, CuO, d through a suspension of 

In 1844 Kruger found that "hen c ‘ » u tj 0 n a red-coloured solution results, 
cupric nydroxidc in potassium hydroxij i ■ „ ns table copper peroxide, since the 

This he attributed to the presence o and cupric oxidc is precipitated 

solution rapidly decomposes, liberating «>• ^ ’ d r when a dilute solution of 

Copper dioxide is formed as a yS ,lo '^' u c s^pendeci in water at O’. It is 
hydrogen peroxide acts upon cupric j. 1 ac i«ls it gives a cupric salt anti 

very unstable, and when treated with dilute * supc . roxide (page 310). 

hydrogen peroxide. Hence it is probably a true perox 

§ 8 Hydroxides of topper 

Theoretically two hydroxides wouldl_.be eX,St C ° rre 

sponding to cuprous oxide andI cupr ^ exis t. A yellow precipitate 
Actually cuprous hydroxide set oxide (page 616) which 

is first obtained in the preparation i P^j Thjs yo n ow precipitate 

rapidly turns into the red cuprou * i, vdrox ide - but is generally 

b» be y en thought by some '‘^usox.de and water dl 

supposed to be a colloidal nnxi » 

no fixed composition. 
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Cupric Hydroxide, Cu(OH) 2 

When a solution of sodium or potassium hydroxide is added to a 
cold solution of a cupric salt, a pale blue, gelatinous precipitate of 
cupric hydroxide is formed: 

CuSO, + 2NaOH = Cu(OH) 2 4* Na 2 S0 4 . 

This blue precipitate can be filtered off, but it is very difficult to 
wash it free from alkali. It can be dried at low temperatures, but on 
heating to 100° turns black, a substance of the composition 4Cu0.H,0 
being formed. A similar black substance is obtained if the solution 
used for preparing the hydroxide be boiled either before or after 
addition of alkali. Stronger heating removes the remaining water, j 
forming cupric oxide. 

Copper hydroxide reacts readily with acids, forming cupric salts, and 
is also soluble in aqueous ammonia, giving the characteristic very deep 
blue solution. 

If aqueous ammonia be added to a solution of a cupric salt, cupric 
hydroxide is first precipitated as with sodium hydroxide, but this 
redissolves on addition of excess of ammonia, giving a deep blue solu¬ 
tion. Schweitzers reagent, formed by adding solid copper hydroxide 
to concentrated ammonia, dissolves cellulose (e.g., cotton wool or 
filter paper). The cellulose is reprecipitated when this " solution ” is 
acidified, and this has been applied in one method for the production 
of artificial silk. The solution of cellulose in ammoniacal cupric 
hydroxide solution is squirted through jets into a solution of sulphuric 
acid (10-50 per cent.) or of sodium hydroxide (5-30 per cent.), and the 
cellulose is thus obtained in threads with a silk-like lustre. 

The solvent effect of ammonia on copper hydroxide is ascribed to the 
formation of complex compounds known as copper ammines or 
cuprammonium compounds, which furnish a complex cuprammonium 
ion—C u(NH 3 ) 4 '*—which is divalent and forms salts with acidic ions. 
The effect is explained, in terms of the ionic theory, as follows. The 
precipitated cupric hydroxide is in equilibrium with its own saturated 
solution, which contains both undissociated hydroxide and its 
ions: 

Cu(OH) 2 ^ Cu(OH), ^ Cu" -f 20H' 

(Solid) (Solution) 

1‘he ammonia present reacts with the cupric ions, forming cupram¬ 
monium ions, thus removing cupric ions from the system and disturbing 
the equilibrium indicated above. More cupric hydroxide accordingly 
dissolves and the process continues, provided enough ammonia be 
present, until all the precipitate has been dissolved. 

In the case of the addition of ammonia to a copper sulphate solution, 
the process may be represented: 
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CuSO, ^Cu' + SO,' 

NH, + H 2 0 ^ NH,OH ;== NH, 4- OH' 

Cu + 20H' ^ Cu(OH). 1 
Cu" + 4NH, ^ Cu(XHj) 4 “ 

Cu(NHj), " + SO,' Cu(XH 3 ),SO,' 

Cu(N H 3 ) 4 SO,. 4H 2 0. on standing. 

§ 9 Salts of Copper. The Equilibrium between Cuprous and 
* Cupric Salts 

Copper forms two series of salts, corresponding to theoxi^cupmus 

oxide and cupric oxide, and known consequent as the cuprous 

cupric salts. r nint» the true molecular formula of 

There is still some doubt concern * chloride corresponds 

cuprous salts The vapour density < •^ o(tu . r hand the iodide is 

to a formula Cu 2 CI, even at l<> • . f cuprous compounds 

Cul at 1000° and the freezing points ofsolutiom £ mclu . 

in organic solvents indicate similar ^ u * exist, but 

sion seems to be that un,v “ le "‘ “^^ked tendency to form double 
that the cuprous compounds ha\c a 

molecules. tr ronDer is 2.S.1S.I the formation of 

Since the electronic structure \ [ ^ ^ electrons so that it is 

a cuprous ion Cu leaves a comp e i. . solution and become 

remarkable that the cuprous salt> arc nnstaoi 

converted into the corresponding cl, l^ K ll|)r i c salts is interesting. 

The equilibrium between the cuprouland cupnc^ 

The soluble cuprous salts “ *lS. ca.. be made in absence 

salts and copper, c.g.. cuprous sulp ; t ^ . 4U , phate an d copper. 

of water, decomposes at once in v . * cupro us salts are m- 

On the other hand, cupric S l i# which is precipitated, 

soluble decompose in water into the P ' bcjn g evolved also, 
c.g., cupric iodide or cyanide, iodine and c>anogen 

Thus: 


But: 


Cu 2 S0 4 = CuSO, + Cu. 
2 CuI 2 = 2CuI + I.. 


, a tiini mnrous salts cannot exist in contact 
In general, it may be said tin l^ le or combined m a complex, 
with water unless they .are citln insoluble are similarly 

Cupric salts of acids whose cuj rous^aUs obtainwl in the 

unstable in presence of wafer. 1 or „amc substances, e.g.. cupric 

form of co-ordination compounds ^ diamine: 
iodide forms a stable co-ordination with ethylene a,ami 
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^NH, CH f 

^NHjCH, 

Similar considerations apply to the soluble cuprous salts. 

These facts are interpreted in terms of the ionic theory as follows. 
The interchange between cuprous and cupric salts is represented by 
the equilibrium: 

2Cu* ^ Cu" + Cu. 

Hence a soluble cuprous salt will furnish a solution containing much 
Cu* ion and the equilibrium will tend to move to the right on account 
of the insolubility of metallic copper. Conversely, when the cupric 
salt of an acid whose cuprous salt is insoluble is dissolved in water, 
cuprous ions will be removed by precipitation, and the equilibrium 
will be moved to the left. The stability conferred by the formation of 
complexes and co-ordination compounds is similarly owing to the re¬ 
moval of, or non-formation of, ions of one or other kind. 

§ 10 Cuprous Salts 

Cuprous Chloride, CuCl 

This salt is made by digesting a solution of cupric chloride in con¬ 
centrated hydrochloric acid with metallic copper (usually in the form 
of turnings) until the liquid becomes colourless. The solution is then 
poured into water, when a white precipitate of cuprous chloride 
separates. It can be filtered off and washed with water containing a 
little sulphur dioxide to prevent oxidation and dried by means of 
alcohol and ether, or in a vacuum desiccator: 

CuCl 2 + Cu *= 2CuCl. 

The reduction of the cupric to the cuprous salt can also be effected 
by means of sulphur dioxide. Making use bf this fact it is sometimes 
prepared in the laboratory by passing sulphur dioxide through a 
solution of cquimolecular amounts of copper sulphate and common 
salt: 

2CuS 0 4 + 2NaCl + S0 2 + 2H 2 0 = 2CuCl + 2NaHS0 4 + H 8 S0 4 . 
The cuprous chloride is precipitated, and may be filtered off and dried 

as above. 

Cuprous chloride is a white solid, insoluble in water, but soluble in 
excess of concentrated hydrochloric acid (owing to the formation of the 
complex H 3 CuCl 4 ). It melts between 415° and 422°. On exposure to 
air, it gradually turns green on account of the formation of a basic 
cupric chloride, CuC1 2 .3Cu 0.3H 2 0. It dissolves also in ammonia, 
forming a solution containing CuC 1.NH 3 . This solution is colourless 
in the absence of oxygen; as usually prepared in presence of air it is 
dark blue. Like the solution in hydrochloric acid, it readily absorbs 
carbon monoxide. Both solutions are employed in gas analysis for 
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(cf. § 9). cuS0 4 + 2KI = Culj + KjSO, 

2CuI a = 2CuI + I*. 

x- ■ „ m ninvpd in the determination of copper (pages 532, 
This reaction is emptoyed in « and bromi des. slnC e the 

623), and for separatmgiodides from « conditions . 
latter do not give cuprous salts un as co[)[>(t glance _ It is pro- 

Cuprous sulphide, Cu,S, «xu. ^ vapour, when an excess 

ss 
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temperature. probably exists, in small quantity, in 

Cuprous sulphate, Cu^SO,, p ^ > Qntact with metallic copper, but 
aqueous solutions of cupric s P . temperatures. I n the case of 
the action must be very Cu 2 S0 4 .4NH 3 . H fi. 

ammoniacal solutions, a sulD hate can be prepared as a light gre\ 
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CujS0 4 = CuS0 4 + Cu. 

• x r r\l U formed (analogously to cuprous iodide) 
Cuprous cyanide, CuC- • - um Lanide and copper sulphate, 

on mixing solutions P . , ;j 7 yi • a good method of prepara- 

cyanogen gas being evolved (c . page 3 ^ J ^ # mixture of copper 

dissolved in water : 

2CuS0 4 + 2NaCN + NaHSO, + H s O = 2CuCN + 3NaHS0 4 . 

.. 1 1 A insoluble in water, but soluble in excess ol potassium 

jflSS^33K?S5?; 

KSlL™®!*™ *«•>»**— “* 

the ionic reactions of copper. 
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§ 11 Cupric Salts 

Many cupric salts are soluble in water, yielding blue solutions. 
Some give green solutions when very concentrated, but go blue when 
diluted. This behaviour is probably owing to differing degrees of 
hydration of the cupric ion or to the formation of complexes. Many 
of the salts crystallize with water of crystallization, forming blue or 
green crystals. The colour of the anhydrous salts varies considerably. 
Thus, the anhydrous sulphate is white, the carbonate green, the 
chloride is brown, and sulphide black. 

Copper Carbonates 

Normal cupric carbonate has not been obtained, but two basic 
carbonates are known. Both occur naturally, and can be prepared in 
the laboratory. They are malachite , CuC0 3 .Cu(0H) 2 , which is green, 
and azurite , 2CuC0 3 .Cu(0H) 2 , which is blue. The copper carbonate 
of the laboratory resembles malachite in composition, and is obtained 
as a fine green powder by mixing solutions of copper sulphate and 
sodium carbonate: 

2CuS 0 4 + 2Na,CO, + H 2 0 = CuC0 3 .Cu(0H) 2 + C0 2 -f 2Na 2 S0 4 . 

Cupric chloride, CuCl 2 , can be obtained by dissolving cupric oxide in 
hydrochloric acid and concentrating the solution, when green crystals 
of CuC 1 2 .2H 2 0 separate. The anhydrous salt, which is brown, can 
be obtained by burning copper in chlorine and allowing the product 
to cool in presence o! chlorine. The salt is soluble in excess of con¬ 
centrated hydrochloric acid, forming a brown solution which, when 
diluted, becomes first green and then blue. The green colour is restored 
on concentration. These changes have been ascribed variously to 
differences in the degree of hydration of the copper ion; to the forma¬ 
tion of complexes, and to the formation of a (supposedly) yellow 
solution of non-ionized CuCl 2 which, mixed with the blue ion, would 
make the solution appear green. 

On heating to redness, dissociation occurs into cuprous chloride and 
chlorine: 

2CuCl 2 ^ 2CuCl + Cl 2 . 

This was made use of in the Deacon process tor the manufacture of 
chlorine. 

Cupric Nitrate, Copper Nitrate, Cu(N0 3 ) 2 

This salt is most conveniently prepared by dissolving cupric oxide 
or carbonate in nitric acid and evaporating the solution until very 
concentrated. Deep blue crystals of the composition Cu(N0 3 ) 2 .3H 2 0 
are deposited. On heating, the crystals lose water and nitric acid, 
forming a basic nitrate, Cu(N0 3 ) 2 .3Cu(0H) 2 ; and on further heating 
give off nitrogen peroxide, oxygen, and water, leaving copper oxide 
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copper sulphate—CuS0 4 —is formed. It is very hygroscopic, and turns 
blue by absorption of water; hence it is used as a test for small amounts 
of water. 

The equilibria among the hydrates of copper sulphate have been 
considered in Chapter 14 (page 222). 

On further heating, it forms a basic sulphate (see page 222) at 340° 
and this in turn decomposes into the oxide on very strong heating 
(650°-750°). 

Copper sulphate is used extensively for electroplating, in electric 
batteries, as a mordant in the dyeing and calico-printing trades, for 
preserving timber and as an fungicide for fruit trees. For this last 
purpose it is often applied as a solution mixed with milk of lime 
(Bordeaux mixture). It is also used for the manufacture of green 
pigments containing copper carbonates. 

Basic copper sulphates are also known. Thus, by digesting copper 
sulphate with copper oxide for a long time in air, a yellow powder of 
CuS0 4 .CuO is formed. This, when thrown into cold water, forms a 
green insoluble compound, CuS0 4 .3Cu(0H) 2 , and in boiling water, 
CuS0 4 .2Cu(0H) 2 . 

The green patina which forms on copper sheeting exposed to the 
weather (e.g., copper roofing) was for long stated to be a basic carbonate. 
Vernon and Whitby (1929) have shown that it is largely composed of a 
basic sulphate, CuS0 4 .3Cu( 0H) 2 . In locations near the sea the 
corresponding basic chloride is formed. 

Copper Acetates 

The normal acetate, Cu(CH 3 COO) 2 . H 2 0, is used in the manufacture 
of pigments. It is made by dissolving cupric oxide or verdigris in 
acetic acid. 

Basic copper acetate, verdigris, is made by placing copper plates in 
the mass of grape skins and stems left after wine manufacture and 
which have been allowed to undergo acetous fermentation. When 
the copper is coated with verdigris, it is exposed to the air for a few 
days and then immersed again. This is repeated until the whole sheet 
has been eaten away. The product is blue verdigris and is mainly 
Cu 2 0(CH 3 C00) >. Green verdigris, which is chiefly Cu0.2Cu(CH 3 C00) 2 , 
is made by arranging copper plates and cloths in alternate layers, to 
which air has access, and which are moistened every few days with 
acetic acid. It is used in paint manufacture, and sometimes in dyeing 
and calico printing. 

§ 12 Detection and Determination of Copper 

Copper salts in solution are easily recognized by their blue colour, 
which is rendered more intense by the addition of ammonia. In 
qualitative analysis, copper is precipitated as sulphide. Copper 
ferrocyanide (page 176) is also a characteristic copper salt. 
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Copper can also be detected by means of certain organic reagents 

(p p cubron a-benzoin oxime, and sahcylaldoxime). , , 

When a few drops of a 1 per cent, solution of cupron in alcohol are 
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§ 13 Silver, Ag. History and Occurrence 

History nnripnt times. There are some allusions 

Silver has' been nt and it was probably used as money as 

to silver in the Old ^ ^ suppo ^d to have obtained their 

Sr from Armenia and Spain. Silver appears to have been purified 
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by a process of cupellation, but there is little evidence to show that the 
ancients knew how to separate silver from gold. The old terms for 
silver refer to its bright white colour—the Hebrew equivalent is 
derived from the verb “ to be white," and the Greek term from aoyos 
(argos). shining. 

Occurrence 

Native silver is occasionally found in large masses or crystallized 
in cubes or octahedra. It is also found associated with metallic copper, 
gold, etc. The principal ores of silver contain silver glance or argentite , 
Ag 2 S, admixed with several other sulphides—antimony, arsenic, and 
copper. The chief silver ores are found in Mexico, Peru, Chile, Bolivia, 
Idaho. Arizona, Nevada. Colorado, Norway, Australia, etc. Much 
silver also occurs associated with lead in galena, and a great deal of the 
silver in commerce is extracted from argentiferous lead. Silver chloride, 
AgCl, occurs as kcrargyrite, or horn silver. 


§ 14 Extraction of Silver 

Many processes have been employed for the extraction of silver, of 
which may be mentioned: 

(i) Cyanide process; 

(ii) Desilverization of lead; 

(iii) Electrolytic process. 

The first ot these is now the only important method in use for the 
treatment of silver ores proper; while the second and third are widely 
used for the extraction of silver from argentiferous lead and copper 
respectively. 

Cyanide Process (MacArthur-Forrest) 

This method depends upon the fact that silver forms soluble complex 
cyanides with sodium and potassium, so that silver compounds will 
dissolve in solutions of alkali cyanides. I he silver ore, consisting 
principally of sulphide, is crushed and treated with a solution of 
sodium cyanide. The following reaction occurs: 

AgjS -f- 4NaCN ^ 2NaAg(( N) 2 4- Na«S. 

The accumulation of sodium sulphide in solution tends to stop the 
reaction, but on exposure of the solution to the air, the sodium sulphide 
is oxidized to thiosulphate and free sulphur. Thus, free access of air 
to the solution is an important factor in promoting the dissolution of 
silver Frequently a stream of air is blown through the solution. 
Metallic silver is recovered, after removal of insoluble impurities, by 
precipitation with zinc or aluminium: 

2NaAg(CN) 2 + Zn = 2NaCN + Zn(CN)* + 2Ag. 
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The precipitated silver is finally purified by fusion with potassium 
nitrate. 

§15 Desilverization of Lead 

Two processes have been devised lor the desilverization of lead. viz.. 
Pattinson’s process and J"J**’* dcix . nd ed upon the fact that 
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§ 16 Electrolytic Process for Silver 

This is principally a f 'in'the^-l^t'rAlytic refining of 

‘tJ: ES?5A"j5e «'0) is an example of the extraction o. silver 
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deposited as a slime. The copper present in solution must not be 
allowed to exceed 4 to 5 per cent. 

§ 17 Properties of Silver 

Silver is a white lustrous metal which appears yellow if the light be 
reflected from its surface many times before it reaches the eye. Very 
thin layers of silver have a bluish tint. Powdered silver is grey and 
earthy in appearance. Silver is highly malleable and ductile. Sheets 
0 00001 in. thick have been made. Silver melts at 960° in an atmo¬ 
sphere of carbon monoxide, and vaporization commences about 850° 
and proceeds rapidly between 1200° and 1500°. It boils at 1955 . It 
can be distilled in the oxy-hydrogen blowpipe, or in the electric furnace. 
The vapour appears of a greenish colour. Molten silver absorbs oxygen, 
and rejects most of it on cooling. The evolution of oxygen from cooling 
silver is often violent enough to spurt some of the metal away from 
the main mass—hence the term the spitting o / silver Silver conducts 
heat and electricity better than copper. Exposure to the air has no 
action on silver, but if the air be contaminated with hydrogen sulphide, 
the silver is blackened owing to the formation of a thin film of silver 
sulphide on the surface. Nitric acid—hot or cold, dilute or concen¬ 
trated—readily attacks the metal, forming silver nitrate. Hot con¬ 
centrated sulphuric acid gives silver sulphate, but the metal is not 
perceptibly attacked by the dilute acid. Hydrochloric acid acts very 
slowly, if at all, at ordinary temperatures, but at a red heat, hydrogen 
chloride forms silver chloride. The vapour density of silver vapour at 
20(K) C shows that at this temperature the molecules are monatomic. 

Colloidal Silver 

By the action ot certain reducing agents on soluble silver salts, 
strongly coloured solutions of colloidal silver have been obtained. 
Very pure materials are required, and the solution must be kept accur¬ 
ately neutral otherwise coagulation is liable to occur. Colloidal silver, 
stabilized by the addition of albumen, has been used in medicine as a 
germicide. 


§ 18 Uses of Silver 

Metallic silver is widely used in coinage, and for the manufacture of 
table ware and ornaments. It is too soft for these purposes in a pure 
condition and is, therefore, alloyed with other metals such as copper. 
British silver coinage before 1919 contained 92*5 per cent, of silver. 
In 1920 the percentage of silver was reduced to 50. the remaining 
constituents being from 1920 to 1922. 40 per cent, copper and 10 per 
cent, nickel; from 1922 to 1927. 50 per cent, copper . The composition 
of coins struck since 1927 has been: silver 50 per cent.; copper 40 
per cent.; nickel, 5 per cent.: and zinc 5 per cent. At the end ot 
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1 (UA if woe decided to eive up a silver coinage entirely and replace 
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plating, and in the manufacture of mirrors. 

§ 19 Atomic Weight of Silver 

_ A nl ciiver is of fundamental importance, since it is 

The atomic weight ol sdver u Qf most other elements have 

by way of silver that the ato k determinations so far 

been determined (cf. pages 107 88 is the one at 
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(Chapter 6). 

§ 20 Oxides of Silver 
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Silver oxide. Ag*U. 

Silver peroxide. Ag 2 0*« 
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resemble the decomposition of calcium carbonate by heat (cf. page 220) 
since two solid phases and one gaseous phase are involved. The partial 
pressure of oxygen in air is about 152 mm., and the dissociation pres- 
sure of silver oxide has this value at about 121°. Hence, above this 
temperature, in air, the oxide will decompose; below it, the metal 

will slowly oxidize. . 

Silver oxide is soluble in excess of aqueous ammonia, owing to the 
formation of the complex ion [Ag(NH 3 ) 2 ]\ (Cf. pages 241 and 404.) 
On standing, the solution deposits black shining crystals of " fulminat¬ 
ing silver ”—an explosive substance, sometimes said to be silver 
nitride, Ag 3 N. 

Silver oxide is " reduced ” by hydrogen peroxide to metallic silver, 
Ag 2 0 4- H 2 0 2 -> 2Ag -|- H 2 0 + 0 2 , 
and it rapidly oxidizes sulphur, phosphorus, etc., often with incan¬ 
descence. 


Silver Peroxide, Ag x O t 

The black powder which collects at the anode when silver nitrate is electrolysed 
is considered to be silver pernitratc. AgN0 4 , or a mixture of this with silver 
peroxide. The product soon decomposes, forming a silver peroxide. When 
dissolved in acids, silver peroxide gives oxygen or ozone; and when slowit 
acted upon by water it gives hydrogen peroxide When potassium persulphate 
reacts with silver phosphate, argentic oxide with the ultimate composition AgU 
is formed This does not give hydrogen peroxide with acids The same oxide 
seems to Ik* formed when silver is used as anode in the electrolysis ol water in an 
alkaline solution If the solution be acid, a silver sesquioxide. Ag x O,. is said 
to be formed 


§ 21 Salts of Silver 

Most of the salts of silver are insoluble, or at least only sparingly 
soluble, in water, even those of some strong acids, e.g., sulphate and 
chloride. The only common soluble salts arc the nitrate, chlorate, 
perchlorate and fluoride. (The anomalous solubility of silver fluoride 
has already been referred to—page 492.) 

The formation of characteristic silver salts is made use of in qualita¬ 
tive analysis tor the identification of acid radicals. Many silver salts 
are acted upon by light, a property, first recorded by Gesner (15bo), 
which finds application in photography. (See page 632.) 

Silver carbonate, AgX0 3 , is obtained as a faintly yellow precipitate 
on mixing solutions of silver nitrate and a soluble carbonate. It is 
readily decomposed on heating, yielding first the oxide and then the 
metal. 

Silver fluoride, AgF, obtained by evaporating in vacuo a solution 
of silver oxide in hydrofluoric acid, is chiefly noticeable in being the 
only halide of silver which is readily soluble in water: 100 grams of 
water at 20° dissolving 172 grams of silver fluoride. 

Silver subfluoridc. Ag t I\ has been obtained as a bright yellow, crystalline solid 
by heating a solution of silver fluoride with silver powder or by electrolysis ol u 
solution of the ordinary iluondc 


26 ) 


COPPER, SILVER AND GOLD 


629 


,. a .. . F r _ n made bv the action ol fluorine on silver chloride 

Silver difluoride. AgF, can bo maa * > , d j n organic chemistry 

or silver fluoride at a temperature of loO to ..." and is uscu in o e 

for the fluonnation of hydrocarbons. 

Silver chloride, AgCl 

a silver salt. A_ white Hak\ < or cur > I an d which solidifies on 
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of water at 20 . It is. ho^tt r > Th j s behaviour is 
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complex ions: 
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theory, definite complex compounus. 'M v. 
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absorbs ammonia gas. lorm heating in a current of 
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hydrogen; by fusion with f .... ft it is converted into silver 

contact with zme m pre^nce ( wjth so | uti oris of potassium 

bromide or iodide , that the solubility products 

bromide or iodide. I.'i s is o' * sma || f . r than that of the chloride, 
of the bromide and i«*h<k ar at ordinary tempera- 

Thus, the solubility products ol tlu si 

"3r : d«fc l« X »-»: — b ™”*' 4 x “•“ ! “ 1VOr 

, "Sv,” d,l.in. l i,'t used « .<W>V M .he ...nul.clure ol 

printing-out papers. solid which resembles the 

Silver bromide Ag * . a s g ar C “ ay . U does not absorb gaseous 
chloride, and is "Wa ned n> • | hc ch |oride and iodide. It is soluble 
ammonia, m xvlnoh .t <h«c |)0 , in thc dilute solution. It is 
in concentrated aqueous amm 



630 


MODERN INORGANIC CHEMISTRY 


[Chap. 


very extensively used in photography for making the sensitive emulsion 
for plates and films. 

Silver iodide, Agl, is a pale yellow crystalline solid which absorbs 
caseous ammonia, but which is scarcely soluble in aqueous ammonia. 
It is interesting in that it contracts on heating and expands on cooling. 
It is soluble in concentrated solutions of potassium iodide. Silver 
iodide is used, along with the bromide, in the making of photographic 
plates and films. 

Silver Nitrate, AgN0 3 

Silver nitrate is usually obtained by the action of nitric acid on the 
metal On crystallizing the solution, it is obtained m colourless 
rhombic plates. It melts at 218° and on cooling solidifies to a fibrous 
crystalline mass called lunar caustic. Silver nitrate is readily soluble 
in water : 100 grams of water dissolve 122 grams of the salt at 0 and 
952 grams at 100°. Both the aqueous solution and the solid oxidize 
organic matter, being reduced to silver which is deposited m a black, 
finely divided metallic form, especially in light. This property explains 
its use in medicine, for the treatment of warts, etc., and for marking 
linen. On heating to 450°, silver nitrate decomposes into silver nitnte, 
AgNOo; and this at higher temperatures is further broken down to 
metallic silver and oxides of nitrogen. Silver nitrate is used in con¬ 
siderable quantities for the preparation of the silver halides required 

for making photographic plates, films, etc. . 

Silver sulphide, Ag*S, occurs native. It is a black substance which 
can be made by precipitating it from solutions of soluble silver salts 
by means of hydrogen sulphide. It is insoluble in ammonia, and 
dilute acids, but is soluble in potassium cyanide solutions, particularly 
in the presence of air (cf. page 624). The tarnishing of silver articles, 
when exposed to the air of towns, etc., is owing to the formation ot a 

very thin layer of silver sulphide. _ . . • 

Silver sulphate, Ag 2 S0 4 , is obtained by heating the finely divided 
metal with concentrated sulphuric acid; or by mixing strong solutions 
of silver nitrate and a soluble sulphate, when it is precipitated. It is 
sparingly soluble in water: 100 grams of water dissolve only 0-77 

cram of the salt at 17°. , , 

Silver cyanide, AgCN, is formed as a white insoluble powder when 

potassium cyanide solution is added to a solution of a soluble silver 
salt. This precipitate is soluble in excess of potassium cyanide (cf. 
page 624), and this solution is employed in electroplating. Its use for 
this purpose, in preference to salts such as silver nitrate, is owing to the 
fact that it has been found that, in order to obtain a coherent deposit, 
the solution used must have only a low concentration of silver ion. 
In the solution of potassium argento-cyanide. this condition can be 
secured without reducing the conductivity of the solution unduly 
since the equilibrium 

Ag + 2CN' = |Ag(CN) a J 
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&ShSte‘“.Sic, ol the equilibrium toping * 
tion of silver ion at a constant low value. 

§ 22 Detection and Determination of Silver 
Silver i..,eudily *m»i * 

silver chloride on the addition o > . I conditions. Lead 

chlorides are the only othe^ insoluble m^tlu jn whjch it is 

chloride may be removed, i P ’ arate d from mercurous chloride 

soluble; and sdver chtonde «n be sef ^ jt can be reprec.pi- 

since it is soluble in ammonia solution, iru 

tated by acidification with mine acid ^ The silver 

Silver is determined grav.motncal " 110M40* and 

chloride precipitated is filtered olf, washed. 

weighed. >c , bc used, the end-point being 

Volumetrically. the * aI " c ,P n chloride solution causes no further 
determined when another d P thc silver chloride precipitate 

turbidity in the supernatant liquid be detected (provided 

has settled. Alternatively he end po> ^ ^ in the process of 

the solution is not acid a'ld docs suml ehromate solution as 

titration) by using a few drops present. red silver chromate 

indicator. When an excess of sd er' > P v Thjs is beC ause the 
is formed, otherwise the soluU °", j eS5 tba „ that of silver chromate 
solubility of silver chloride s mu - Jhe end pointi using the usual 
and so it is precipitated hrst. 
notation lA „l = |C1'I 

b chromate should be such that the 
the concentration of P ota “ ,ur " ■ exceeded as soon as ‘his occurs, 
solubility product of silver c ^ ro '" a ^ loresccin and eosin, and dichloro- 
Recently, certain dyes, such a ^ ^ ^ j|ulicators m this reaction, 
fluorescein, have been int c ipitate and so impart their colour 

They become adsorbed on P • resent in the solution When a 
to it when no more chlon silver nitrate solution the P re £ l P l " 

solution of a chloride is titrated with^ CXCCS8 an d it will now hold 
tate adsorbs chloride ions while tn . d ions pre scnt in the solu- 
by a secondary adsorption op^ Hy h ^ bec „ passe d si ver 
tion, e.g., sodium ions_ Whence en ^ adsorbed by the prccipita e 
ions are in excess and th . ry adsorption will attach nitrate 

instead of chloride ions ^d secon the fluorescein ion. 

ions. But if fluorescein be prc* more stron gly adsorbed than he 
which is negatively charg * tracc G f excess ol silver ions on the 
nitrate ion, will react with tlirn ing it red owing to the formation 
surface of the precipitate, . n i ut ; on which contains fluorescein ions 
of silver fluoresceinate. 1 he soi 
is a greenish-yellow colour. 
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Another volumetric process is known as the Volhard method. 
This depends upon the fact that a solution of silver nitrate when 
mixed with a solution of potassium thiocyanate gives a precipitate of 
white silver thiocyanate— AgCNS. If a few drops of a solution of a 
ferric salt (iron alum is usually employed) be added to the silver 
solution, the appearance of the blood-red colour of ferric thiocyanate 
(cf. page 867) indicates that all the silver has reacted and so marks the 
end-point of the titration. 


§23 Photography 


The action of light on the halides of silver has been referred to above. 
Thoroughly dried and purified silver chloride can be exposed to sun¬ 
light for several hours without darkening, but if a trace of moisture 
be present, the chloride darkens, assumes a violet tint and finally turns 
black It is now thought that this is owing to the decomposition of silver 
chloride into its elements; but this is a reversible reaction since if 
the darkened chloride be exposed to the action of chlonne in the dark, 
the chloride is regenerated. Silver bromide and iodide behave similarly. 

This sensitiveness of the halides of silver to the action of light is 
applied in photography. A glass plate or film of celluloid is coated 
with an emulsion of silver bromide (mixed with a little iodide) in 
gelatine (The size of the particles of silver halide has been found to 
determine the speed of the plate.) The plate is placed in the camera and 
exposed bv focusing the image of the object to be photographed on 
to the plate for a moment. The silver halide granules are affected by 
the light and minute nuclei of silver are formed, the most intense 
change occurring where the light was brightest. No visible change 
is apparent until the plate is developed, i.e.. treated with a reducing 
agent such as pyrogallol, but the plate is now said to possess a latent 
image which is made visible by the process of development which con¬ 
tinues the change begun by the light, but is without action on the 
unexposed parts of the plate. As a result of the action of the developer 
finely divided silver is deposited on the parts of the plate illuminated 
by the light reflected from the object. The deposit is thickest where the 
light was most intense. Hence, the dark parts of the object appear 
lightest on the plate, and the light parts dark. The image is thus the 
reverse of the object, and the plate is accordingly called a negative. 
The silver salt which has not been affected by the light nor by the 
developer is now removed, and the image thus fixed on the plate by 
immune the nlatc in a solution of sodium thiosulphate. The plate 



out paper)—so that the light must pass through the negative before 
striking the paper. The negative absorbs the light in proportion to 
the thickness of the deposit of silver, so that the print has the same 
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shading a. th« obj.cL n. P»J£r is then treatrf wii 

The image on the print will the oi ^ be 

will therefore correspond with the ob|ect ntnct I 

called the positive. „ ,.vnnsed and developed m the 

Gaslight and “ bromide pap > • • . negatives, and use 

SK^fiSS3«^.s wotted 

. • jiiiiai .rc- torimd bv thi* light and make the 
The way in which the nuclei olI > ‘ u . CIl the subjee t «»i many theories 

grains in which they occur de\e «l- n ,Vchaiii>m has still not been proved 

and much investigation. I he P . liU . nl un the main teature> ol the 

beyond doubt but there ,s ,l *'^ that the «ciwti\itv ol photographic 

process. It was shown by hhep|M.« ( (<|| (hl . tinlcl I m Hhi.ikki, 
emulsions is caused by the P riSC J* , |S1A | \\ i> bclmvcd that in the process 

of organic sulphur compounds in tin g. . ^ „. t . keeping it warm lor a 

of ripening of the emulsion durwu • ^ mKv| sll |p| lM h- are lormed on the 

carefully controlled period) minu <■ s l lon ,,, | ls! |u on -liver halides is known 

surface of the grains of silver haluU tfo|lH |,| M >rated being proportional to 

to produce electrons. Jhe iiui.iU» >1^ These electrons are behexed 

the number of quanta (pagi "iphid** which then attract interstitial sil « 

to be trapped by the specks* f ■» . , || K . gcmrallx accepte*! view of the 

ions from the body of the g™» 11 • , t||C rc>| ol the gram on which specks of 

development (i.e.. reduction «► . no , 0 j the other* is that the difference 

silver have been formed by lllt ,, r. h ‘ Ruction the reaction fiemg catalysed b> 

.is a consequence of a dilfercn « winch the catalyst works is still being 

the silver speck, but the precise way in 

debated. 

§24 Gold, Au. History and Occurrence 

History , .. ... bowels of the earth native, 

" Gold." said 1 (orin although in general the small 

possessing a complete mat. ; matrices that they are 

particles of it are so, m e of the earliest o. metals 
entirely invisible. Gold i jvo mal) , since it occurs free as virgin 
to attract the* attention of \ r an< | gavels of many rivers, 

gold in nature, and ls (< J UI '‘j v . | M cn reported from excavations 
Flint daggers with gilt ha >»_ wriU|1RS> o( c ivi,i,ed 

in Egypt, and gold is n ’, c t 7 -crusliiiig ami gold-relimng processes 
man. Representation^Li "und in Kgyptian tombs dated 2500 ».C.: 

are reported to have been } Naming the gold-mining regions 

similar remarks apply j ‘ * v- . wcro worked extensively by 

1350-1330 B.c. The Amalgamation process lor 

the early Egyptians 1 hny ^ . )roa . S! *s for the purification of 
the extraction of gold. Cupeiiauoo i 
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gold were described in the second century, and the same process is 
probably referred to by Jeremiah in the Old Testament, 600 B.c. 

Occurrence 

Gold is generally found in a metallic condition in quartz veins as 
reef gold; and in alluvial gravels as alluvial gold—the latter represents 
the debris from the weathering of auriferous rocks which has been 
washed into river beds, etc. Large nuggets are occasionally found- 
one from California weighed over 190 lb.; and one from victoria, 
183 lb. Native gold is never found pure, but specimens of 99 per cent, 
purity are sometimes found; and one from Cripple Creek (Colorado) 

was reported to be 99*9 per cent, purity. . 

Metallic gold is very widely distributed in nature in quantities too 
small to be profitably extracted. Sea-water, for instance, is said to 
contain about 3 \ grains per ton, but the failure of an attempt, by Haber, 
to extract it in 1927, suggests that the quantity is less than this and 
that this figure was the result of inaccurate assays. Granite, on the 
average, has about 0-37 part per million; sandstones, 003 part per 
million; limestones. 0007 part per million. Gold also occurs in small 
quantities in clays, iron pyrites, and in almost all silver, c0 PP e £ 
bismuth, lead, zinc, tellurium, and antimony ores. Gravels which 
need not be crushed can sometimes be profitably treated for gold 
alluvial gold—if but 2 to 3 grains per ton be present, that is, one part 
of gold per 5 million parts of worthless material. The mean of the 
returns for the Rand is something less than half an ounce of gold per 
ton of material treated. 


§ 25 Extraction of Gold 

Gold is separated from alluvial gravel by mechanical washing, but 
that found in (auriferous—gold-bearing) quartz is extracted by a 
cyanide process similar to that employed for silver (q.v. page 6-4). 


Washing Processes 

• The specific gravity of gold is so much greater than that of the 
associated materials that, when the mixture of sand and gravel is 
agitated with water in large pans or " cradles," and the rocky matters 
floated off, the fine particles of gold remain on the bottoms of the 
cradles as " gold dust "—panning or pan washing. This primitive 
method of washing has been replaced by placer mining, in which 
the sand containing the gold is agitated in sluices, that is, in long 
flumes or troughs with transverse cleets along the bottom, and through 
which powerful streams of water flow. The water sweeps away the 
sand, and the heavier gold collects on the bottom of the sluices. In 
hydraulic mining, water under high pressure is directed against the 
"earth" containing the gold. I he ‘‘earth’ and gold are washed 
into the sluices as in placer mining. 
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Cyanide Process 

The gold-bearing quartz is mined by blasting, crushed to a very 

fine powder in stamper mills and a pulp of' 8^ agitated with a 

made alkaline with slaked lime. The m,x ‘ ur * thc 0 .^ * cent .,, 
dilute aqueous solution of sodium cyamdeOOStoOOS ^“Jh 
whilst freely exposed to atmospheric an. The goldsto* > r ^ a ; 
the cyanide forming sodium aurocyan.de, and so passes u to -d 

4Au + 8NaCN + 2H,0 + 0 2 = 4NaOH + iNaAuftN),. 

The gold is recovered from di_e solution by passing^Mhroug ^ ^ 

of boxes containing zinc turnings, or o> 

de-aerated cyanide solution. , 

2 NaAu(CN). + Zn = NajZnfCN), + -Au. | 

The excess of zinc ,s removed by This 

slime which is collected into a comp. ^^ Q , gold pcr ton t0 

beaked profitably and under favoumWe condiUons an even smaller 
quantity than this has been successfully extracted 

C ?JS:“ B o,.» TC A-Jft.-SS 

purified by parting with sulp“ ked bv acid an d silver is added 
than 30 per cent of gold •'> " * {‘ w this amoun t so as to render it 

until the proportion is brough .. ^ b()iled with concentrated 

susceptible to attack. 11»< « . t w j tb t | ie a cid. and the 

sulphuric acid, when the silver andcopper react r . n t dried 

gold remains behind as a porous brown mass. 

and fused into a compact mass. to bc pun ficd is made 

ss-'- -*• •**>"* - 

•issiv. 

3USIS- s *»°* “ chlor “"*- 

but the gold is unaffected. Uver) can be used lor removing base 

*»> —* *• by p “ ,inB 

with sulphuric acid or chlorine. 

§ 26 Properties of Gold 

Gold h . bheh. ££ r w £ £ SSJWS2 

Z? 0 l'£ SSrJLu, and doc.il.- ol metals, and iu den.i.y. 
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19-3, is higher than that of all metals except rhenium, platinum, 
iridium and osmium. 

Gold melts at 1063°; and the molten metal appears green. It 
begins to volatilize at temperatures just below its melting point arid 
boils at 2010® Gold occludes oxygen, hydrogen, and carbon monoxide 
under suitable conditions, ('.old is not acted upon by air or oxygen 
at any temperature, hence the alchemists called gold a noble metal in 
contrast with base metals— like copper, lead, tin, etc.—which are 
oxidized and lose their metallic character when heated in air Silver 

and platinum are also noble metals. 

Gold is scarcely affected by nitric, sulphuric, and hydrochloric acids, 
but it is attacked by aqua regia—i.e., a mixture of nitnc and hydro¬ 
chloric acid—or by a mixture of hydrochloric acid with an oxidizing 
agent which liberates chlorine; by water containing the halogens 
chlorine, bromine, or iodine in solution; and by solutions which can 

generate the halogens. . . , ., 

Gold is attacked by boiling ternc chloride solutions, hot selenic acid, 

telluric acid with sulphuric or phosphoric acid, alkaline sulphides and 
thiosulphates, perchlorates, perbromides. and periodides of the metals, 
iodic and periodic acid> with hot >ulphuric acid, and by reacting su 
stances which give large quantities of oxygen—manganese dioxide or 
potassium permanganate or nitric acid with sulphuric acid an 
aqueous solutions of potassium cyanide when exposed to the air. 
Gold is not appreciably attacked by solutions of the alkalis, lne 
freezing point of a solution of gold in mercury corresponds with a 
monatomic molecule Au. 

Colloidal Gold 

Colloidal solutions vi gold can be made by several methods and are 
stable for long periods They can be obtained, for example, by Bredig s 
method (page 252) or by reduction of very pure, very dilute solutions 
of gold chloride, by means of such reagents as Rochelle salt (potassium 
sodium tartrate), formaldehyde, etc. Gold is thus formed in very 
minute particles, and the solution which is blue at first gradually be¬ 
comes red. . ., . K _ f 

The metallic gold can be removed from its colloidal solution D> 

shaking the solution with precipitated aluminium hydroxide stannic 
hydroxide, or barium sulphate. The decolorization here resembles the 
dccolorization of coloured solutions by shaking them with recently 
ignited charcoal. The gold is adsorbed by the precipitating agent. 
Animal charcoal, if shaken with the solution, adsorbs the gold, lne 
addition of electrolytes—acids, neutral salts, and alkalis—changes the 
red colour to blue, then violet, and then black This is owing to the 
coagulation of the particles of gold into clots. The gold then settles 
to the bottom of the fluid. This behaviour is characteristic of colloidal 

solutions, as discussed in Chapter 16. . t , . 

A form u! colloidal gold known as Purple of Cassius has long been 
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in u* lor colonring 

ra:£ 

s ;h «—. —• 

stable. 

§ 27 Uses of Gold 

Gold has for long been the ** a "25^^'c^aje ^ 

although it is no longer usedjor • » bv .,11 tlu- principal 

the final reserve of wealth and is »“**<* 

Central Banks of the world in C p llt o| ^,, 1,1 and SJ per cent. 

»-«» .•.. . “ 

90 per cent, gold and 10 per ‘ e J lt if “ITurr.-iicv and a reserve ot wealth. 
Apart from its use as a standard of t urr* 1,1 . mr ,„ )St , as with 

the principal use o! &<>[<! in J* j lt therefore, alloyed with 
coinage, the pure metal is too .' , ss gold alloy is usually 

other metals— usually coppei ^ ' . ._,^. (ara , gold ". the sovereign 

expressed in " carats 1 ure to ■_> parts other metal, 

was 22 carat since it contained -- I ■ |,v law in England 

Similarly, the other standard gold a»°V > 

are 18-, 15-. 12- and 9 -carat go d ph otograpln and the use of 

Gold salts are using for tom g 1 , „ mentioned above. 

•• Purple of Cassius ” in colouring glass has 

s 28 Atomic Weight of Gold 

ti tie in tin* neighbourhood oi 200 irom a 
The atomic weight ol goM .* s '" lloll w the Periodic System and 

consideration ol its specilu hi a j t j m solution 

the molecular weight o' compound, o ^ lirntl . lv |,v ciiveiMon -.1 auric chloriUi 
The combi nine weight has been tuiin xvoiuhi ol gold remaining whin 

m^suTcilndc. .uul bv .U-blccuo.yuo methods 

potassium bromoauratc—K au i , 

have also been used . n i«j7-U. r » aiul 11)7 2a. and the va ue 

The best determinations he t* ;V^ mni , tlcC 
is that adopted by the International Lomu 

$ 29 Compounds of Gold 

i i h»» 'iiirous and auric, in which it is rcspcc- 
Gold forms two series ol to,n l^"; t 'h« eleitronic configuration ol the goId-atom 
tivcly univalent and ter valent S ns 0 | the |wniiltimate shell must t* 

is 2.8.18.32.18- I. two ol the Otx (f| lhl> aspect gold resembles c0 PI ,L ^ 

lor the formation ol the aunc coii pi electron Irom the penultimate she 

and silver except that with them ou > * vxU e.!.ely small atomic volume m 
can be used lor valency l> ur I ,( ^ . , °lch accounts lor the lad that the auric 
relation to its high atomic nun> • * , lhe aurous compounds are probabls 

compounds are almost certainly cos an 
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covalent also. The only definitely electrovalent compounds of gold are those 
containing it as the central atom of a complex ion, e.g., hydrochloroaunc aad.^ 

HfAuClJ. 

§ 30 Oxides and Hydroxides of Gold 

Two oxides of gold have been described, viz.: 

Aurous oxide, Au t O. 

Auric oxide, Au t O r 

The corresponding hydroxides are also known All these compounds readily 

precipitating a co.d soiution o, gold ,n 
aqua regia with potassium bicarbonate. The brown flocculent P re ^'P , ^f c . 
filtered off washed, dried at 110° and washed with cold nitnc acid to remove the 
more soluble auric oxide The residue, after further washing and dry>ng consists 
of aurous oxide, possibly contaminated with a little metallic gold 

Auric oxide, Au-O* is obtained by addition of potassium hydroxide solution 
to a boiling solution of auric chloride. It is a brown amorphous powder 

Aurous hydroxide, AuOH, is said to be formed as a violet powder "hen a 
dilute solution of potassium hydroxide is added to cold aurous chloride or bromide 

S °Auric hydroxide. Au(OH),. .s obtained as an orange-coloured F«c>P lta ^ 
when cold solutions of potassium hydroxide and auric chloride are mixed, 
loses water at 100°. forming AuO.OH. .urther heating lorms aunc 
finally metallic gold. Auric hydroxide is soluble in excess of alkali 
potaskium aurate. KAuO, which is precipitated on addition of 
It is a crystalline salt, soluble in water Several other aurates are kn0 '™' 
auric hydroxide though amphoteric, more readily behaves as an acid, and hence 

is sometimes called auric acid 


$ 31 Other Compounds of Gold 


Both oxides mentioned above give rise to salts ah oi which are unstable and 
readilv decomposed, leaving the metal behind 

^Aurous chloride, AuCl. is made by heating aunc cWond* ^ 

Ol hydrochloric acid, to a temperature between 1,0 and 180 Any «“ c 8 

auric chloride ,s removed bv washing with thoroughly dned ether In contact 
with water it decomposes, iorming auric chloride and gold: with hydrochloric 
acid aurous oxide reacts similarly: 

3AuC« = AuCij ■+- 2Au 

When neated above 18(V it reverts to the metal and when treated with dry 

h Auric cldorid" 1 AuC?, C C If gold be dissolved n a mixture oi c f DCe . D PV^ 
hydrochloric and nitric acids (aqua regia) yellow needle-1^ 
rhloroauric acid separate on concentrating the solution. When heated in a 
current of chlorine at 200 c aunc chloride (mixed with a little gold and aurous 
c h lo ridc)° is formed dark red crystals Auric chloride is ^.lv decomposed on 

heating forming first aurous chloride and then metallic gold. The gold chlondr 
of commerce is hydrochlorauric acid, which is much more stable, and is used in 
photography. A series of complex salts called the chloroaurates is known, e.g.. 

NaAuCl 4 .2H t O. etc 

§ 32 Detection and Determination of Gold 

v verv sensitive test lor the detection oi gold in solution is by the addition ol 
i dilute solution of stannous and stannic chlorides, when the formation (rapidly 
on warming) of ** Purple of Cassius " evidence of the presence of gold 
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* ■•iWii'k r<*msists in beating 3 known weight 
It is usually determined by assaying. wlt)> lcad oxide. charcoal and soda 

of the cold containing substance (e g . * metallic lead containing any gold 

in a crucible There is lor.ncd a beadji # ^ cupe , 6i5 , 

and silver present. This bead is sl lver-gold bead remaining is heated «ith 

untU the lead has been oxidi zc± T^«Iv*R lhe rcSldue of gold is heated to 
nitric acid to remove the silver, anc 
redness, cooled and weighed. 

§ 33 Relationships of the Elements of Group I 

The older forms ol the Pe ™*£j ^ b {hi<T dlapter a^d Chapter 25. 
placed all the elements consic c . even over-emphasize) 

in one group in such a -ay as to emph^ Thc ^ (orm ot the 
the relationship between the ; ,h e connection between the 

table given on page 12 . 0 '' cop p e r silver and gold are transition 

sub-groups, indicates clear > ’; mbla ' n [.^ to neighbouring elements in 
elements, and hence that met i me s called horizontal relation- 

the same period (i.e.. ''hat are 

ships) are to be expected. lithium, sodium, potassium. 

The alkali metals factory " family ” of elements, 

rubidium and caesium) form O ^ crt j es in passing from one 

to°anothcr. Th^gra^n in physical properties is illustrated by 

Table XLI. 

Table X L1.^PhvsicalPbo^ s ~ the Alkau^wal. 


Atomic weight . 
Specific gravity . 
Atomic volume . 
Melting point 
Boiling |>oint 
Specific heat at 0 
Coefficient expansion 
Heat of fusion (Cals.) 
Increased volume on 
fusion (per cent.) 
Heat of conversion 
R t O to R,O t (Cals.) 
lowest temp, of reac¬ 
tion with water 


Lithium 


6-94 
0 53 
11-7 
180.0* 

12011 * 

0 941 
0000153 
32-81 

1.51 

791 


Sodium 

Potassium 

Rubidium 

Cacsium 

22-997 

0-93 

23 5 
97-5° 
880* 
0-2811 
0-000274 
27-21 

39-090 

0 859 

44 4 
02-3° 
700® 

0 1728 
0 000282 
14-07 

85-48 

1-525 

55 8 

38-0° 

700® 

0-0802 

0 000338 
6-144 

132 91 

1-9 

710 
20-0 ; 
070® 
0-0522 
0-000345 
3-760 

2-03 

244 

— 

—- 

19-03 

220 

24-1 

25-0 

-08 4 

-105° 

- 108’ 

-116® 


•i tl ,u:* p coft enough to be cut with a 
The metals also arc all s,l ^ r 1 V ch; | rac {erized by remarkably intense 
knife, of very low densi V « es with increasing atomic weight, 
chemical activity, wlm - tive becoming more so in passing 

They are all strongly el P the most electro-positive of all the 
from lithium to caesium, vnm-* ■ ka cac sium—if discovered 

elements known (though element ino. 

should be even more so). 
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The salts of the alkali metals are nearly all soluble in water, and are 
the most stable of all metallic salts. Their physical properties show 
the same order of variation as the atomic weights of the elements. 
Lithium differs in some respects from the others, an example of the 
fact that the first member of a family (i.e., the elements of the first 
short period) often exhibit such differences (cf. beryllium, boron, 
fluorine). Thus, lithium carbonate, phosphate, and fluoride are very 
much less soluble than the corresponding salts of the other members. 
And in this respect, lithium resembles the members of the calcium 
family and it thus forms a connecting or bridge element between the 
alkalis and alkaline earths. The alkali sulphates form isomorphous 
characteristic alums (q.v.), but lithium alum crystallizes only below 
0° C. and sodium alum is very soluble and difficult to prepare. Lithium 
carbonate is sparingly soluble in water, sodium carbonate is not deli¬ 
quescent, the others are. The salts of sodium and lithium form stable 
hydrates with water, whereas potassium, rubidium, and caesium salts 
are nearly all anhydrous. But sodium resembles lithium in the solu¬ 
bility of its chloroplatinate. acid tartrate, and alum, so much so that 
the alkali metals are sometimes divided into two classes: (1) those 
with sparingly soluble chloroplatinatcs—viz., potassium, rubidium, 
and caesium ; and (2) those with soluble chloroplatinatcs—viz., 
lithium and sodium. 

In the case of the elements of the B sub-group, viz., coppei, silver 
and gold, the relationship is less close than among the alkali metals 
proper, and. furthermore, marked resemblances are found to the 
neighbouring transition elements. The relationship between the alka l 
metals on the one hand, and copper, silver and gold on the other, is 

very slight. . ,. 

The principal physical properties of copper, stiver and gold are 

given in Table XLII. 


Iaull XLII. -Physical Properties of Copper. Silver, and Gold 



CoppeT 

Silver 

Gold 

Atomic weight 

Specific gravity . 

Atomic volume . 

Melting point 

Boiling point 

Latent heat ol tusion (Cals.) . 
Specific heat 

03-54 

8-93 

7-07 

1083 3 

2310® 

43 

009 

107-88 

10-49 

10-29 

960® 

1955' 

24-35 

0-055 

197-2 

19 265 
10-11 

1063* 

2530° 

16-08 

0-03 


In malleability, ductility, and tenacity, silver is intermediate 
between copper and gold. While the large atomic volume of the alkali 
metals is associated with the great chemical activity and affinity tor 
oxygen the low atomic volume of these elements is related t° tneir 
weak affinity for oxygen, etc Copper, tor instance, is alone oxidized 
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in air. The oxide, of ropper. silver and gold are easily ^Kcd^whfle 
the oxides of the alkali metals are reduced with great difficulty, in 
reduction of copper, silver, and gold by magnesium is the more energetic 
theereater the atomic weight of the metal-cuprousox.de .seas 
reduced silver oxide is reduced with explosive violence, and gold 
oxide breaks down into its constituents Mow 

magnesium. Copper an^^ r *^' e | l . nirt , t » have univale.,cy 
is uni- and tervalent. 1 . nnnt . <alts ar ,. isomorphous with 

in common 'vith the alkali .netaK I J,. nt aifferencL between 
iron, cobalt, and nickel salts lb dements of the alkali 

copper and the alkali metals art.() i ar „ e densitv; 

metals have a small density, tlu- ot »■ <- ‘ foments Si the alkali 

(-) the alkali metals do not occur ee. (d. «h. ‘Jjmn ^ q( 

metals are chemically actixt. the ; hvdrolvsed bv water; 

alkalis are all soluble in water, ai • jd> j tlu . haloids of 

copper and silver form sparingly >< » * ,. (5) th e oxides 
copper and gold, not■ s,lvi ‘ r - ire ^p^lv basic: the oxides and 
and hydroxides of the ' )t . c .|>K l>asic. and thevaccordingly 

hydroxides of copper and go d . ^ ^ ^ lorm l0mp | e x salts. 

form basic salts , (b) tlu aikaj .*.unnlr\ <alts. 

whereas copper silver and go ‘ orn^ n.^ >( | llsai Kl cu pnc salts— 
The remarkable chlfcrviiu n|>|o Ml l v ,. r aiu | the latter relate 

whereby the former make coj I i . |1 hashes verv forcibly the fact 
it to zinc, ferrous iron, and 1 ' , , |1? , <im poiinds of a particular 

that the properties of an eleme, «| ' pa rlies of the ,„ne 

valency bear no neeessarv rck.nui . vaV ncv. 

element which forms compoum '"'J;silver and mercury. 

Many resemblances are disi chlorides are white. 

The halides are re.narkably ';" 1 ^ ^ %vl|ow cellow 

the bromides distinctly veil* ' • * , , thall the corresponding 

mercurous halides are X ... rites and hvpon.tr,tes. 

silver halides. The same remark. -IJ* ^ , |w faf mor> . ,,ose!y 

Monad mercury is closely rilati 

than gold to silver accord with modern 

To a considerable cxtcli lla ture o. valencv (cl. 

views of the structure of t ‘ tJ)e e | cctr onic configurations ol 

Chapter 9). Thus, as m In 1 
these elements are: 

Li 2.1. 

Na 28.1. 

K 2.8H.I. 

Kl» 2.8.18.8.1. 

Cs 2.8.18.18.8.1. 

Cu 2.8.18.1. 

Am 2.8.18.18.1. 

2.8.18.32 18.1. 

The alkali metals thus have a single electron in the outermost orbits. 
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which when removed, leaves the ion with the very stable inert gas 
structure. They have, therefore, no tendency to form ions of higher 
valency, and are very strongly electro-positive. On the other hand, 
the loss of the outermost electron from the atoms of copper, silver or 
gold leaves not an inert gas structure, but the less stable group of 
eighteen electrons. The comparative instability of the eighteen group 
is indicated by the fact that nickel, palladium and platinum, which 
immediately precede copper, silver and gold in their respective periods, 
are not inert gases but metals (i.e., they readily lose electrons to form 
metallic ions). The result of this is seen in the variable valency ex- 
hibited by copper and gold (and to a much smaller extent by silver) 
due to the possibility of the removal of one or more of the electrons 

from the 18-electron orbit. . „ , 

The metals copper, silver and gold hence differ markedly from the 
alkali metals in almost every respect except in their univalent com¬ 
pounds, and even here the smaller stability of the 18- as compared with 
8 -electron shell very considerably modifies the resemblance. 

On the other hand, these three metals come close to the end of the 
series of transition elements in their several periods, i.e., the process of 
expanding the penultimate shell of electrons from 8 to 18 is just 
complete. Hence considerable resemblances between them and their 
"horizontal” neighbours are to be expected, e.g., between nickel, 
copper and zinc; palladium, silver and cadmium; and between 
platinum, gold and mercury. Such resemblances are, in tact, very 
marked, e.g., divalent copper closely resembles nickel and zinc; 
platinum has many properties similar to gold, and but few to n V*el. 

Altogether, the classification of copper, silver and gold with the 
alkali metals in the Periodic System, considered by itself, is far from 
satisfactory, and even copper, silver and gold are much less closely 
related to each other than their positions in the Table would seem to 
imply. Hut the arrangement is justified to some extent when the 
elements are considered as a whole, and is not likely to be improve 
upon in any general scheme for the classification of all the elements. 


CHAPTER 27 

THE ALKALINE EAR'IH METALS 
§ 1 Group II of the Periodic Table 
The elements of the second group f 

sssai Aga t jfsst ss *£ 

Site’iA'.menT'.to «««,»» «M» «** 

'i»- ,he s ““ o, “ 

properties arc discussed at tlu <.n 

§2 Beryllium 

Histor y 170 " I N Vauquelin found that a precipitate 

While analysing beryl, in ~ dissolved like aluminium hydroxide 

which he thought to be ahimiiiium h> , ; | lv «iroxide. the solution furnished 
in potassium hydroxide; hut uni* «dmnr in..... Un|jktf aluinin | um hydroxide. 

a white precipitate when *«>' 11 n1lim carlxmate. and behaved in many 

too. the precipitate was sohibh hvdroXK ic. Hence L _N Vauquelin 

other ways differently from 4 , -** la terre du Beril. in I #98 

announced the discovery of a ne * c.reck yAmts (gluctis). sweet—was 

At the time the name gluuna- r ^ have a sweet taste: but the 

suggested for this ‘earth ' ' I r ,| |C c l,nui)t itself) is now used almost 

term beryllia (and hence bcnlliumi f Wohler in 1828 by the action of 

exclusively. The metal was first isolated ov 
potassium on beryllium chloride. 

Occurrence and Extraction , U,c pnncipal source ol beryllium. 

The mineral beryl. 3BcO • i a t .„ u fll u and aquatnanur. Recently a new 
The beryls include the Rcni->• • sma || quantities of hclvite (a beryllium 
low-grade ore of magnetite c > * j K .,. n worked successfully (see below), 

iron aluminium silicate) ,s ^ ‘ * lh|S c | cmc nt. they are scarce and costly. 

Although there are minerals c ”" ; |)(lU ,, , n nature, but small quantities are 
Beryllium is not very abundanti\ 

found in a great many n,,nt ‘ r *V^ compo unds iroin lx-ryl is made difticult t>y the 
The production of beryllium f |v ofC .callable in quantity, to attack 
comparative resistance ol w . st ,>aration imm aluminium I he simplest 

by reagents and by the rather ' "'J r ., r k furnace at 13011-1000° and quench the 
method is to fuse the ore •» *» vitreous mass is crushed and now reacts 

product in cold water. 11"' • ,„| f ins produces partially hydrated 

readily with concentrated whlt |, are leached out Iroin the accom- 

sulphates of aluminium and «- . j; X cess ol ammonium sulphate is added 
panying silica by means ol ' a ' a i um which is very sparingly soluble m 
which causes precipitation * „ excess ol ammonium sulphate. The crude 

beryllium sulphate solution containing otecss 
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beryllium sulphate is recovered trom the filtrate purified by recrystallization 

ore having alumina, silica and iron oxide (il present) unattacked: 

3BcO 4- 2NajFeF„ = 3Na,BeF 4 + Fe # 0 3 . 

This process ,s said to make possible the use ol the new low-grade ore containing 

"'t?: S obtained by electrolysis o. a .used mixture o. beryl.,urn and 

SSSae.ssto-.ttfijaa 

of the oxide with carbon in presence of the alloying metal. 

riLrXmenti“n «- «■“•*beryllium 

and aluminium is even more marked. 

U *UBtil quite recently beryllium was a chemica! curiosity 

to be made lor use in alloys: in particular^.r the form' ° f , beryUium. 
alloying with copper. A 'vPic^lloy ma omain J SI,25 and 'tensile 

strength the -^th and hardn^ 

sub 

'“ nta Thi “of Kmf“rfalimmium. nickel and cobalt are also bemg 

^S&HsHCSSHS&^s 

to'x-rays'than corresponding amounts ol aluminium Beryllium compounds are 

XSmS^S^skSeJSSSS 

resemblance to aluminium. « ua .. . o , Petit’s rule indicates a value 

ZSw HwJSJSWSv 2*. n» re VS. chloride .mo «*"* 
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led to the value 9 0.8 for the atomic weigh. an.. 9 0.3 is the value approved by 

the International Committee. .i K . metal. nitrate etc.. 

Beryllium oxide. 13eO can be ~ ? "oil.- p.vdcr which 

“_L ir> 1' : eTs. and a.J> reacts w.th caustic aLh solutum,. 


forms beryllium salts with acids, and also react 
forming, e g., K s BcO r 


.rming, e g., K s Heu r .. r . in ,riio but tlicv also resemble 

The salts resemble those of masn^'u £ «■ liv ,i ri ,lys.s of the chloride 
those of aluminium, e g., in the volatin 
Beryllium also readily form> basic salts 

§3 Magnesium. Mg. History and Occurrence 

In 1695 N. Grew published aJ , »^l ,hk, ‘propirticTof 
found in the mineral spring d * j uu i t | K . salt was called 

this salt attracted some a ton ton . »• L V •*' ‘ 1 Ma „ nesia a lba 
" Epsom salt,” and on the 1 mt . ounmorco from Rome 

(a basic magnesium carhon.tU C applied to the earth 

about 1700 ; the term ina.uiu>i. ‘ . J lhe term then 

owing to some fanciful contrast \u » pdack dearly distin- 

used for black oxide nf furnished 

guished between magnesia am ^ w >olnbk . .ulphate. When H. 

a soluble sulphate, and him . I* ^- js ^ 4a |lod it * magnium. 
Davy isolated the iniptir*; i ,, \.; | \ i _ iunl ‘ • and " niatiganesium " were 
At that time the terni^ " ‘ V * . (manganese) derived from the 

applied synonymously to tin < < j n aV oid confusion, the 

mineral pyrolusite (manganese • • j r !rub -d to the element 

term ” magnesium was soon the element 

derived from magnesia^ all>a . 

derived from pyrolusite * coll ,i,i,ud. not free, as magnesium 

Magnesium occurs in natm ( . ar | )ima(< . t ,f calcium and 

carbonate in magmsih ■ r ; <> ie>ium sulphate in £/»•■»< 

magnesium in tlwomiu. aiu a* M no magnesium dilornle 

sails, MgS0 4 .7Hj0; JliicaVin olnim, Mg s SiO,: 

in carnallite and kutmU . ‘ h • a j so common in many other 

enstatite, MgSiO,. etc- • M ,inel meerschaum. serpentine, 

minerals: e.g.. asbestos, stiaiiu. I 

talc, etc. , to the extent of about 0 13 per 

Magnesium compound a ^ as a commercial source 

cent.) in sea-water. TV's X f^o b<U>v V) 
of magnesium in the l .b.. • l 

s 4 Manufacture of Magnesium 

r rtnred on a large scale by the electrolysis 

Magnesium is now manu a ^ sol | ilim chlorides, sometimes 

[ a fused mixture of mag *p| M . magnesium chloride i*- 

i,h ,h. ».i«» '■< . 

• It is not very clear ' ' w | K .||, c r “ manganese is a corrupted form 

word Mangana in the , [, 1 ‘ ,,, .\Ma Minor, 

of the word Magnesia, a Iota > 


Of 

with 
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obtained by passing chlorine over a mixture of magnesia and carbon 
at red heat or, alternatively, from sea water by the Dow process. In 
this process, filtered sea-water is treated with a slight excess of slaked 
lime and magnesium hydroxide is precipitated. This is filtered off and 
dissolved in hydrochloric acid containing a little sulphuric acid (to 
assist precipitation of the calcium as sulphate) so as to give a 15 per 
cent, solution of magnesium chloride. This solution is concentrated 
by burning a natural gas-air mixture under the surface of the liquid. 
Ordinary evaporators are not used on account of the very hard scale 
produced by the calcium sulphate present. The calcium present is 

precipitated by the calculated quantity 
of magnesium sulphate and, after 
standing and filtration, solid hydrated 
magnesium chloride of the approximate 
composition, MgCl 2 .l*5H 2 0 is ob¬ 
tained, suitable for use in the electro¬ 
nic cells. 

One type ot cell is illustrated in 
Pig. 27.1. It consists of two compart¬ 
ments, the antechamber and the main 
cell, connected by small openings at 
the top and bottom as shown. This 
permits the hot electrolyte to circulate 
through the antechamber into which 
the hydrated chloride is fed and where 
it is dehydrated. A steel cathode and 
a graphite anode are used. The anode is covered by a firebrick hood 
which dips just below the surface of the molten electrolyte, ine 
chlorine evolved is converted into hydrochloric acid for use m the 
t . irlier stage of the process. The magnesium separates on the surface 
of the electrolyte but. at the temperature of the bath, it does not take 
lire especially when covered by a film of molten electrolyte. It is 
removed in perforated ladles to iron pots containing a protective flux. 

Electro-thermal processes are now becoming of increasing importance 
for the production of magnesium. Reduction by carbon takes place 
at 2200* when magnesium is liberated as a vapour but, as soon as it 
liquefies the reaction is reversed so that almost instantaneous quench¬ 
ing is necessary. The use of hydrogen or hydrocarbon vapour has 
Inen tried but is dangerous and difficult. A process using ferro-silicon 
vacuo has been successfully developed. The magnesium is purified 
by redistillation in vacuo. 



Fig. 27.1.—Manufacture ot 
Magnesium 


§ 5 Properties of Magnesium 

Magnesium is a silvery-white metal of low specific gravity (1-74). 
I, melts at 059° ami boils at 1110“. It is not affected by dry air a 
ordinary temperatures; but when heated, burns in a.r givtng a brilliant 
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Wh 'd te f 

halogens, sulphur, phosphoru^ 

ordhfa^'temperatures! and rather less -JJ? " he " 

Magnesium reacts 3 >nC£ 

hydrogen, being the only me fe’JldS must, however, be very 
this gas from dilute nitric acid. (The on p, cent More 

carefully controlled and f \^ tro . vn .) Concentrated sulphuric 

concentrated acid gives °Y * , , nitrating sulphur dioxide n.Iu- 
acid attacks magnesium when hot J v , lifh it is a 

tions of the alkalis do not * • ( |jj.,| acc almost all metals from 

strongly elcctro-positive rnet. 1 [( ^ ft . ae|s with aqueous 

their salts. (Cf. I able X • ivif|) OV olution of hydrogen. With 
solutions of ammonium salt. , , double salt is formed: 
ammonium chloride it has been > , , ., XH + H,. 

», E + 4NH.CI - «-<- *»'*• 

Magnesium reduces most oxide. . • mple . it will also reduce 

sulphur dioxide, and nitncstating 
sodium and potassium oxides on h< ati g- 

§ 6 Uses of Magnesium 

• ( ribbon is tamiliar in laboratories; like- 

Magnesium. in the fomiol n' ^ |>ur)1S- Magnesmm powder 

wise the brilliant white ligh ' barium peroxide burns almost explo- 
mixed with potassium ch ■> . ^ is , 14e d in this way in flashlight 

sively and with a blinding ‘ ** aiu | incendiaries. (But see aBo 

photography and for >ur \ -j * . ‘ xn fireworks. 

page 007.) It is also used > in ” reas ini*lv used as an engineering 

On account of its low density. it . all J ys .” With aluminium it 

metal, particularly in the form ' » m 5 |H . r cent, aluminium; l -o 

forms an alloy known ' ,s a ||oy which has come to the fore 

per cent. magnesmml. An'd ' ^oximatrly !>5 per cent, magnesmm 
recently ^Wroii.aii (agc li-JHf also contains about Oo 

and 5 per cent. zinc. 

per cent, of magnesium. US cd (or the reduction ol oxides 

In the laboratory- ma8 r , '^’ ‘ " f b jU c „n (page 712), and as a reducing 

such as silica, in the prcparati thetic organic chemistry for 

agent generally. It ,s a b 
Grignard reactions. 

* 7 Atomic Weight of Magnesium 

i i f oi it indicated for the atomic 
A value in the neighbour ‘j«c> . Tab i c , and the specific heat of 
weight of magnesium by tin. 
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metallic magnesium. The best determinations have utilized the 
conversion of magnesium chloride into silver chloride, or the conversion 
of the pure oxide into the sulphate. Richards, using the fonrier 
method, obtained results leading to values very close to 24-32, which 
is the number at present recommended by the International Committee. 

§8 Magnesium Oxide and Hydroxide 

Magnesium oxide, MgO, can be obtained (mixed with a little nitride) 
by burning the metal in air, but commercially it is made by heating the 

carbonate: _ 

MgCO, = MgO + CO., 

or the hvdroxide, made from the waste magnesium chloride of the 
potash industry (page 601) by the action of slaked lime. 

MgCL + Ca(OH) 2 = Mg(OH) s + CaCl. 

‘ Mg(OH) 2 = MgO + HjO. 

Magnesium oxide is a white powder, slightly soluble in water Thus 
100 grams of water dissolve about 0-001 gram of magnesium oxide (or 
magnesia). The solution has a slightly alkaline reaction. It is curious 
that the higher the temperature used in calcination, the lower the 
solubility of the resulting magnesia. This has been ascribed to poly¬ 
merization, but has not been definitely proved, and it may be that he 
rate of dissolution is lower. In the magnesite brick industry the 
favourite theory is that the material made at low temperatures is 
non-crystalline and that made at high temperatures is crystalline, it 
is a very refractory material, only fusing at about 2500 ,and so is used 
for lining basic steel and other metallurgical furnaces, for making 
refractory bricks, crucibles, etc. A paste of water and magnesia (cal¬ 
cined at imv temperature) “ sets " like mortar. It gradually rehvdrates 
and absorbs carbon dioxide from the air and forms a hard mass. 
Magnesia is a basic oxide and reacts readily with dilute acids It 

is used in medicine for correcting acidity. 

Magnesium hydroxide. Mg «>H) 2 . is precipitated from solutions of 
mamesium salts bv addition of solutions of alkali hydroxides. It is 
/css soluble than slaked lime (q.w). hence it is possible to obtain it as 
above from magnesium chloride and slaked lime. It is soluble in 
solutions of ammonium salts and so is incompletely precipitated by 
ammonia, and if sufficient ammonium salt be present will not oe 

precipitated at all (page 241). , 

Magnesium hydroxide is used in the sugar industry tor the extraction 
ot* sugar from molasses. (Cf. similar use of strontium hydroxide. 

page IW»4.) 

§ 9 Magnesium Salts 

Magnesium hydroxide is a (airly strong base and lorms well-defined 
salts with acids. They are colourless (except when formed from a 
coloured acid) and arc not poisonous. Those with strong acids are 
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11 1 ki«* thf* rirbonalc phosphates and fluoride are sparingly 

Xbk.llany'of the salts crystallize with considerable amounts of 

water, e.g., MgS0 4 .7H 2 0. 

Magnesium Carbonate MgCO ^ quantiti e* associated with 
Magnesium carbonate oc CaCOr. it is also found as 

calcium carbonate » l^-.u-limatc can be prepared by P r ; - 

magnesite. MgCU 3 . in* > <n i n hate and >odium bicarbonate 
paring a solution of magne- un o Shead!so that the gas can 

supersaturated wnh carb.m d ^ ( > i(( . M£,cO : ,. 3H,0. slowly 

only escape slowl>. A h> sulphate and sodium bicar- 

separates when " V^ta'id for several day- when it is 

bonate are mixed and;* Vl(cr if sodium carbonate solution is 

slowly deposited as a | ,v.uli. If the precipitation be 

used instead, various ■■ ' ( tj the carioims U~ii 

carried out in the cold with | rosu ,ts. Hot concentrated 

(light magnesium carbonat. I 1 • , pomUrosa (heavy mag- 

solutions similarly v.eld aid to have the compositions 

nesium carbonate). 1 '•} v <)., Mg I OH 1 ,. 4H .0 respect i vel v, 

3MgCO,.Mg(OH| 2 .. H. .O a ul »■ ( „ mpoun< i 

but it is very doubtful if eitl < • ' , |Vl .| v U sed in the salt. rubber 

The various basic carbonates . llannacv . etc., for the produc- 

and printing ink industries, an I I ai.■ 

tion of tooth pastes, lace pow.ur ^ mso ,„bie in watei. and on 

All these magnesium tarnm. w , car bonate is soluble m 

heating yield magnesium ox d> „ vvin g to the formation of 

water saturated with carixm 

magnesium bicarbonate: C() _ MR(H C0 ( | r 

8 h is .,1- soluble in solutions of amnion.uni 

Like most magnesium salts n • 0( . nirs along with calcium 

salts. Magnesium b.carlK. at • ( then to their temporary 
bicarbonate in natural waters, cm., 
hardness (see page 281). 

Magnesium Chloride, MgCl* a)<0 found in quantity (e.g.. at 

This salt occurs in sca-water, . ( . |( Q |t js thus a by-product of 

Stassfurt) as carnalhle. • “' ? ‘ , OU rce of magnesium oxide 

the potash industry, and ls , jn t |„. | a |,oratory in the usual 

Magnesium chloride can be I )• ^ M( ,( | ..«1I,0 This cannot be 

way, and crystallizes from s' ( c |,|,, r j,i,. is lost as well as water 

dehydrated by heat since ^ t„ liOO . is converted into tin- 

leaving an oxychloride wlm . oXVC |,|„ r ide is a single substance of 
oxide. It is not certain • rc usually represented: 

Mg(0H)CI = MfiO + HC1 - 
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The anhydrous salt can be obtained by dehydration in a stream of 
hydrogen chloride. Magnesium chloride is hydrolysed slightly in 
water, and hence its presence in boiler feed water is very obnoxious. 
The crystallized salt is very deliquescent, and is used in cotton-spinning 
as a lubricant for the thread. 

When a concentrated solution ot magnesium chloride is made into a 
thick paste with calcined magnesia, the mixture hardens to a stone-like 
mass owing to the formation of an oxychloride. This mixture is used 
under the name of Sorel’s cement for making artificial stones, floors, 

Magnesium bromide, MgBr* occurs in sea-water, and is used as 
a source of bromine (see page 522). Magnesium iodide. Mgl„ is also 

found in the sea. ... . . . . 

Magnesium nitrate, Mg(NO,) 2 .6H s O, crystallizes out of the solution 

formed by adding the oxide or carbonate in dilute nitnc acid, it is 
deliquescent. 


Magnesium sulphate, MgS0 4 

Magnesium sulphate occurs as kieserite, MgS0 4 .H 2 0, in the Stassfurt 
deposits When kieserite is digested with water, and the solution 
purified by recrystallization, colourless rhombic prisms of the hepta- 
hydrate--MgS0' l .7H,0—separate from the cold solution. When the 
temperature is aboui 30°, monoclinic prisms of the hexahydrate- 
MkSO,.0 H.O—are formed. Several hydrates are revealed when 
the solubility of magnesium sulphate is studied. At 150 the icrystalline 
salt passes into the monohydrate, kieserite, MgS0 4 .H 2 <J, ana at 
200- the anhydrous salt is obtained with partial ^composition Magne¬ 
sium sulphate forms a series of double salts—MgS0 4 K.S0 4 .6H 2 O. 
schonile —crystallizing in monoclinic prisms isomorphous with 
MizSO .THoO. Like barium sulphate, crystals of the acid salt 
MtfSOt.H-SO, are deposited from a hot solution of magnesium 
sulphate in sulphuric acid; and from cold solutions, the acid sa 
MosCL 3H,SO, is crystallized. Crystalline magnesium sulphate- 
M"So! 7HlO—is also called “ Epsom salts," or epsomtU ,.because it 
occurs abundantly in the water of the Epsom springs. This salt is 
used in medicine; in the tanning and dyeing industries. and m the 
manufacture of paints and soaps. 

Epsom salts are freely soluble in water: 100 grams ot water wi 
dissolve 35-5 grams of MgS0 4 at 20°. 

Magnesium Ammonium Phosphate, Mg(NH 4 )P0 4 .6H 2 0 

This salt is obtained as a crystalline precipitate when a solution of a 
soluble phosphate is mixed with ammonia ammonium chloride ana 
magnesium sulphate or chloride; and conversely, if ammonium 
phosphate be added to an ammomacal solution of a magnesium salt 
lie same substance is precipitated. When the precipitated magnesium 
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ammonium phosphate » Mtotod, «sh«l. dried and heated, it is 
converted into magnesium pyrophosphate. 

2[Mg(NH 4 )P0 4 .6Hj0) = Mg.PA + *NH, + 13H 2 0. 

This reaction is made use of in the determination both of magnes.um 
and of phosphates. 

Magnesium Nitride. Mg,N, ammonia gas. magnesium nitride 

When magnesium is heated inn u ■ • h thc 0 .\,de. when magne¬ 
to formed. Hence a small quant V ^ ^ ds made use of by Ramsay 

sium burns »n air. Ibis prop<.rt\ - Maj , ncs ium nitride is a yellowish 

for the isolation of the Inert, K^-. L r l mo the hydroxide and ammonia: 
powder, which is ^ 

§ 10 Detection and Determination of Magnesium 

Magnesium is usually detected by th< precipitated as sulphide, 

(i) In presence of ammonium »alt» t ^ not 1 ^ ^ ej£Mpt thc 

hydroxide or carbonate. * UI> ' . imm<J nia. ammonium chloride 

and ammonium phosphate . iuUH j 

phate— Mg(NHj)PO,.l*H 3 I ^ j ctornlm .ition also since it can 

This same salt is made use ignition, is quantitatively 

be precipitated quantitative l> a m L on ^ ^ 

converted into magnesium |> • 1 ..s-hvdroxv quinoline) lor the 

The use of the organic reag>'in- in favour.’ In suitable condi- 
determination of magnesium > .,11 B ON)-. -H ; 0. 

lions, magnesium is precipitated a, Mgtv., 

§1 1 Calcium. Ca. History and Occurrence 

History , , s i nC e verv early times in the 

Calcium carbonate has eat | j)m , t()1K . , liu i marble. Lime-burning 
form of minerals such as < • ■ ns _ a nd it is probable that it was 

was certainly carried on bv Ok k jck , j|)U . nml slaked lime were 

an old operation in th. ir .lay. •, ■ 175li Metallic calcium was 

first clearly distinguished by ^ 

first prepared by Sir H. > 

Occurrence enormous quantities of its com- 

Calcium does not occur r;il)( , t . s cons i s t of the carbonate, 

pounds arc found. \' b° c Cll l' a h\ limestone and marble. Dolomite. 

CaCOj, in the forms of c "5 wa w hile anhydrite. ta>0„ and 

CaCO.-MgCO J^n minerals, ami the (.hn^yhato and 
gypsum, CaS 0 4 .-H 2 U. ^ iinportaut mineral is fluorspar. Cm 

silicate are also found. in calcium salts in solution (cf. pages 

Natural waters usually coniaii 
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280-5) and calcium compounds are also an essential constituent 
of plant and animal tissues, etc. *lhus, bones consist largely of calcium 
phosphate. 

§ 12 Manufacture of Metallic Calcium 

Impure calcium was made by H. Davy in 1808 and the pure metal 
by H. Moissan in 1898 by reducing calcium iodide with sodium. 

The metal is now made by electro¬ 
lysis of a mixture of fused chloride 
and fluoride, the latter being added 
to lower the melting point. In G. 
0. Seward and F. von Kiigelgen's 
process (1908), the cell (Fig. 27.2) 
consists of a circular iron box A 
through the bottom of which projects 
a conical iron cathode B insulated 
from the box, at aa. The carbon C, 
insulated from the box, serves as 
anode. A water-cooled collecting 
ring E separates the metal which 
rises to the surface of the molten 
chloride The metal accumulates 
until the ring is full. The top layer 
is cooled solid by the air, while the 
bottom is soft or melted. The solid 
part is fastened to a hook F which 
Fig 27.2. —Production ol Calcium j s gradually raised. The heat due to 
the current keeps the salt molten The metal is protected from oxid¬ 
ation by the layer ol fused salt. . 

Crystals of almost pure calcium can be obtained by dissolving 
calcium in molten sodium, allowing the mixture to cool (when the 
calcium crystallizes out) and removing the sodium with alcohol. 



sj 13 Properties of Calcium 

Calcium is a silver-white lustrous metal. It is softer than most 
metals, and has a very low density, its specific gravity being 1*55. It 

melts at 810°. . . 

Calcium is a very reactive metal. It tarnishes slowly in air, ana 
w hen heated in an atmosphere of hydrogen it forms calcium hydride. 
Call,. Similarly in an atmosphere of nitrogen it forms calcium nitride. 
( a. N ,; • in air. calcium oxide, CaO. and nitride; and with chlorine, 
calcium chloride, CaCI 2 . With water the action is rapid but not violent, 
and a crust of calcium hydroxide forms on the surface of the metal and 
slows down the reaction: 

Ca 2HoO = Ca(OH)* + H., 

W ith acids the action is rather violent: calcium does not react with 
alkalis. 
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Uses M 

Metallic calcium is now used fairly extensively m 
deoxidizing and desulphurizing agent It is also used lor_hardening 
fead inTearing alloys and for removing bismuth from a . ,^ 
removing sulphur from petroleum. It '> em, a «re«duc;n. 

agent, or as a dehydrating Agent in otm j ^ m j I r . production 

production of absolute alcohol. It • J • -.1 

of high vacua, and in the prepaid!ion o ar r o |. r. 

§14 Atomic Weight of Calcium 

The Periodic Table and the application of ^ eS 

indicate a value about 40 for tlu a <,nm ' Iceland spar into the 

value has been determined bv con\er>io l chloride. 

oxide, and by conversion ol .he un ' li,, , value for 
Honigschmid. using the latte > od ■ • , t , 1M 0) 

the atomic weight very do** to 4 ‘ 4(HKS 

recommended by the Internationa * 

§15 Calcium Hydride. Nitride and (arbide 

- . |>v«!ru**i*ti ovci licjlod calcium. 
Calcium hydride, Call.. > s *\ (’[„[, | M „ Ikon um.hI under the name ol 

It is a colourless, crystalline on.MH.ui. • 1 ■ ” (t , llillN ueMs tins gas: 

hydrohth for making Hydrogen mihc 

C’aH. + -H/» + 2 \\. 

, r i iiv in - itmu calcium in a stream ol nitrogen 

Calcium nitride. Ca,N. ; * - 1 * '* t J \ xIik1i t ,. u ts with water, forming 

about 450° It is a yellowish. *rs >ia 


at 

ammonia: 


. / Ca,N, + »II,U :li+ -Ml, 

V '\.. rr , nl l dv m .luantitv by heating a powdered 

Calcium carbide, Cat tlir c of 21)00 in an electric 

mixture of quicklime and toh. , n js> ri . prcse n,ed: 
furnace. The action (which is en.lotli.nm 

CaO+3C t at ... + CO. 

, • |, „ ,i„. t, mperature of the furnace and 

The carbide formed is molun at 

so can be tapped off. ... rrV stalline solid of s|>ecilic gravity 

Calcium carbide ts a liar . , r. ial calcium carbide is dark 

2-22. When pure it is white. 1 > l ' Ke ilnl , uri tUs. It reacts 
grey or bronze-coloured owing ' (rom w hich many im|x>rtant 

with water, forming acetylene (p. g • acet(jne acet j c acid and 

Ste°the rt fiS“ ''atmospheric nitrogen (see pages .«lo, 401). 

CaC. + N, lalN, + C. 

. ,« .....i calcium cyanamide formed is sold under 
1 he mixture of carbon an 

the name of nitrolim 
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§ 16 Calcium Oxides and Hydroxide 

Calcium forms three oxides, viz.: 

Calcium oxide, or quicklime, CaO; 
Calcium peroxide, CaO a ; 

Calcium tetroxide, Ca0 4 ; 

but only the first named is important. 


Calcium Oxide, Quicklime, CaO 

Quicklime is made on a large scale by heating calcium carbonate. 
The reaction which takes place is reversible, 

CaC0 3 ^ CaO + C0 2 , 

and so does not proceed to completion unless the carbon dioxide 
formed is allowed to escape. This reaction has been discussed (pages 
220 and 221) from the standpoint of the Law of Mass Action and the 
Phase Rule. As stated there, there is for each temperature a value 
for the pressure of carbon dioxide (known as the dissociation pressure) 
which is in equilibrium with quicklime and calcium carbonate. Some 
of these values are: 


Temperature . 

Pressure (mm. ol mercury) 


500° 

Oil 


000 ° 

2-35 


700° 

25*3 


800 c 

168 


Stone slab 
(with, venlt 


898° 900° 950° 
760 733 1490 

It is evident that any temperature above 500° will serve for the 
decomposition, provided that the carbon dioxide is removed from the 
system; and that at temperatures of 900° or over decomposition will 
be complete unless the system is confined at a pressure greater than 
atmospheric. In practice, a temperature of 800°-1000° is used, and 
the operation is carried out in a lime kiln (Fig. 27.3). 

Two types of kiln are used: the older 

type (Fig. 27.3a) is 
intermittent in op¬ 
eration, and is 
rather wasteful in 
fuel though very 
cheap to install. The 
more modem shaft- 
kiln (Fig. 27.3b) is 
arranged for contin¬ 
uous operation. The 
limestone gradually 
works its way down 
the kiln, which is 
heated by producer 
gas, and is con¬ 
verted to lime which 
is removed at the 
bottom. 


Calcium Carbonate 
interIcyered 
uood or coal 


Limestone 




Soil 








Coke Quicklime 


Fig. 27.3.—Lime Kilns 
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Properties of Calcium Oxide 

.»• .... 1,70 • - " hkh 

temperature it volatilizes appr«.M » >- non-metals react 

Calcium ox.de .s a react ve M.b u. e an. < ^ water at 

with it at temperatures of 3(H or^ o( wat , r be allowed to 

SS^cSJC^Wy to... too.,to* ■*> »I-** 

and clouds of steam are formed 

CaO + 11.0 = ta(OH).. 

... . , /, III.,- iHAult-r of siitkui lime or calcium 

The lump of lime disintegrates ^ j , >ukinj , o) hme. Calcium 
hydroxide and the process is known ^ c |rbon ,ij t ,xide (cf. page 

oxide does not react with g. combines with them when 

654) or sulphur dioxide. ... the sold, but 

heated, e.g.: Ca0 + > 0 , = CaSO* 

. • .... nremratioi. ol slaked lime for building 

Quicklime is used ini the I P^ c >nstmK .„, 0 ( cement. It is used 

purposes (see below). It , • h as amm onia. which react with 

in the laboratory for dr\ mg 
calcium chloride or sulphuric acu . 

_ , no binned when hydroRon peroxide i> addtd 
Calcium peroxide, CaO. Mi; \ , to t j los0 ol barium peroxide iq.'L 

to lime-water. lts P ro l u ' r?u ' Li m «d ‘ s 1 > ll|mv P ow<lt ' r hcAt,n S tl,c 
Calcium tetroxide, CaJV »> v hv«lro«en peroxide solution, 
hydrated peroxide with »° I ' 1 ^ 

Calcium Hydroxide, Slaked Lime. bv the actio „ ol water 

Slaked lime is obtained. w hich is only sparingly 

on quicklime. It is a .« 1 ter at 15 0 C. dissolve lM* gram of 

soluble in water : »«• 1 " ' (j ; tbat its solubility diminishes 

calcium hydroxide. It '«‘ {" rea< th c sol„l>ility of most solids increases, 
with rise of temperatur.. alM | bas a u alkaline reaction. A 

The solution is known as , jty „( s | a kcd lime in water is known 

suspension of a cons.'^ ^ > d lo the air lime-water soon becomes 

as milk oj hme. " " 1 of i nS olu 1 >lc calcium carbonate: 

“ milky ” owing to the formation o. 

Ca(OH). + CO, = Cat 0, + H.O. 

S-t undTdtu' nearly 

S!VS 

fhown by f k£°( 1^ C ) Vhat perfectly dry slaked lime will not absorb 
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carbon dioxide, but that combination takes place readily in presence 
of a trace of moisture. This furnishes another example of the catalytic 

action of water (page 290). . 

Slaked lime is used in the laboratory for the preparation of lime- 
water (for the detection of carbon dioxide), and as an absorbent for 
chlorine and acid gases generally. 

Industrially it is employed in the manufacture of bleaching powder 
(page 513), of caustic soda (page 578), in the ammonia-soda process (for 
ammonia recovery), the purification of sugar, in glass-making, and for 


making mortar and plaster. 

Mortar is a thick paste made by mixing slaked lime with sand ana 
water. It sets, on exposure to the air, by loss of water, after which it 
gradually hardens, by absorbing carbon dioxide with formation of 
calcium carbonate. This is, however, a slow process: the mortar of 
some Roman buildings (2000 years old) has been found to contain 
inner cores of slaked lime protected by the outer layers ol calcium 

carbonate. . , 

Portland Cement is made by heating an intimate mixture ol chalk 
oi limestone with clav in a long, slanting cylindrical furnace, slowly 

rotating, through which 
Slurry of limestone, —^ M ft a blast of burning coal- 

clay and water fy just j s blown (Fig. 

27.4). The mixture sin¬ 
ters and the resulting 
“ clinker " is ground to 
a fine powder. When 
mixed with water and 
sand, it forms a paste 
which sets in the course 
ol a few hours, even 
when under water, to a 
solid mass which slowly 

grows harder over a 
Fic. 27.4.-Ccim-ni Furnace long period. The chem¬ 

ical constitution ol cement and the exact nature of the process which 


Rotating furnace 



Rotating cooling cylinder 


Nodules of 
cement 


occurs when it sets are not clearly understood 

The essential constituents ol the cement are believed to be a tncai- 
ciuin silicate 3CaO,SiO... and aluminate 3Ca0,AI 2 0 3 . When mixed with 
water hydration of the anhydrous salts occurs and hydrated calcium 
silicate 2CaSiO ; ,.5H.,() tetracalcium aluminate. 4CaO.A1,0 3 .I2H*0 
and slaked lime are supposed to be formed. These compounds crystal¬ 
lize out in a mass of interlacing needles which accounts for the strength 


and hardness of set cement. 

Concrete is made by mixing cement with sand and gravel, or broken 
bricks, etc., and allowing the whole to set If it is made round a 
skeleton of steel rods it is known as reinforced concrete. 
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§ 17 Salts of Calcium 

Calcium salts arc white and give colours solutions unless demed 

“s' ts-JSs. rc&xsL t™. .*>• 

impart to it a brick-red coloration. 


Calcium Carbonate, CaC0 3 . r ., ui 

Several rlilfere,,, minerals oce», JM--J b ”l! ££ 

different names, although anal > sh \ ? ’ 1 . .j lIIU carbonate These 

impure forms of one chemical >u “ • c | asstH i under three 

different forms of calcium ' jr )nna ' , • crystalline forms or 

heads, although in reality there are but two 

mineral species. 

'• "".“.t., ervials. a .. name,) 

This variety iren. r.illv ,n J ' , kliml . ...,te Is- prepared 

aragonite after Aragon m l >au .. ,. rv . ta |.s corresponding 

in solutions at te.nperuU.re> ^ Mow *. . crystals 

with aragonite are for,,u | | l " 1 ’ ;, onl|t . 1 at temperatures below 30 
of calcite are formed. 1 1 n * -j■ ’, I||H |. imiM ital torn, ol crystals <>f 
is in a metastable condition. / , ■ l-'j... 27 . 5 . ami although 

aragonite is illustrated by the oi. ‘ . ,,V ar * built on the -one 

there are a great man\ d«ri\i 



Fig. 



27.5.— Crystals ol Aragonite Irons CuinberUwl 
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geometrical plan determined by the inclination of the boundary faces 
with respect to the axes of the crystal. 


2. Calcium Carbonate in Trigonal Crystals 

This form of calcium carbonate occurs in more or less well-defined 
crystals modelled after a rhombohedron. Fig. 27.6, but exhibiting a 



Photo: British Museum of Sutural History. Crou-n eofryngh reserved. 


Fig. 27.0.—Crystals ol Calcitc 

great variety of derived shapes which have received special names 
“ dog's-tooth spar," " nail-headed spar," etc. R. J. Haiiy called 
calcitc the prate us among minerals because of its presenting what 
appeared to be a chaotic number of unrelated appearances, yet he also 
dmwed that, however diverse the forms of the crystals, they are all 
r« lated to a primitive geometrical plan which is determined by the 
inclination of the boundary faces with the crystal axes. All the 
different forms are subordinate to the primitive type When trans¬ 
parent and colourless, trigonal calcium carbonate is called Iceland 
tpiir ; and if opaque and clouded, calcite or calcspar. A compact 
tibrous variety with a satin-like lustre is called " satin spar. ' Marble 
i> made up of minute crystals of calcite. Onyx is a variety which is 
mi caked and coloured bv associated impurities. 

Calcium Carbonate not markedly Crystalline 

Chalk and limestone usually occur in large masses sometimes 
e>. tending over large tracts of country. This form of calcium carbonate 
. N relatively impure, for it contains more or less magnesium carbonate, 
ei iv. and silica. Marl is a mixture of limestone and clay. Fgg-shells, 
M-a shells, pearls, corals contain a large percentage of calcium car- 
inmate. Chalk consists largely of the calcareous remains of minute 

marine organisms. . 

H. C. Sorby proved that in calcareous organisms a new variety ot 
calcium carbonate is not in question. In every case examined, the 
shells contained either calcite or aragonite. Some animal species 
secrete calcium carbonate as calcitc, others as aragonite, and others 
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as both The pearl, lor instance, is mainly aragonite; the shell of 
colon »lSk b mainly c.lci.o 1 »d ,h. inner sbeU ol .he 

b«, b joiubb 

ss? ! -tns £% tz 

^ati^bnn,..i. need in J.IVn^SSon 
chalk ground to of slaked lime 

in water), in the manufacture q “ uin „ uf iron and in metallurgy 
and of cement) ; as a tlu\ « - dl car bonate. Nitro-chalk 

generally, and m the man ure oUodmn^ ^ and pow a, r ,d 

used as a fertiliser, is a niixt carbonate is employed 

chalk. In the precipitated form catcmmc^ 

medicinally and in the prepara laboratory as sources of carbon 

Chalk and marble are also used in the laboratory 

dioxide. (U . n u formed in solution by the action 

Calcium bicarbonate, Ca(H . 3 I;. - | car bonate. It cannot 

of carbon dioxide and water on Its presence 

be isolated, and even in >o'ut.o,. decompo^or. h e ^ 

in natural waters causes tempor. > 

Calcium Fluoride, CaF 2 jn many places, some- 

Calcium fluoride occurs natura *- sta | s are found embedded 

.imc, («*. i.i SISK .. rin.e.l by tracts d 

in limestone. The crystals m y .. . a {aml i, ar example of 

contaminating metallic oxides. mu* 

a tinted variety. fluorspar melts to an opaque greyish- 

When heated to about b> • . . ' from t |,j s property (Latin fiucre, 

white enamel, and its name J’j n metallurgy, and in the manufacture of 
to flow). It is used as a tlu. ^ (ht ; p r j nc ipal source of fluorine 

glass, enamels and glaw»- *, thc coloured varieties are used for 

compounds (Chapter —>)• 
jewellery, ornamental vases, eic. 

Calcium Chloride, CaCL duct in several manufacturing 

This salt is obtained as . 1 but so far it has not been 

operations, c.g., the amm°ni - ^ .1 ^ ^ quantUy . The anhydrous 
found possible to discover - • ^ drying agent for many gases and 

salt b used in the JJonOo y ‘ ia ^ this gas combines with 

liquids. It cannot be usea xo ory 
it. forming compounds such as CaCl a .8NH,). 
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The anhydrous salt is a white porous mass, extremely deliquescent, 
and very soluble in water: 100 grams ol water will dissolve 63 grams 
of the anhydrous salt at 10 c Calcium chloride forms several hydrates; 
the hexahydrate being the stable one at ordinary temperatures. 

Calcium nitrate, (CaN0 3 ) 2 occurs in the soil and is used as a fertiliser. 
It is manufactured from limestone and dilute nitric acid. It is often 
known as Norwegian saltpetre since it was a product of the (now 
obsolete) Birkeland-Eyde process for the fixation of nitrogen which 
used to be worked in Norway. 

Calcium Sulphide, CaS 

This substance has been produced in very large quantities in the 
form of the “ alkali-waste ” of the Leblanc process (q.v.). It can also 
be made by heating slaked lime in an at~nosphcre of hydrogen sulphide; 
or bv reducing the sulphate with carbon When pure it is a white 
powder, which is stable in air in absence ol moisture. It exhibits a 
very marked phosphorescence (although only if a minute trace of a 
metallic impurity, e.g., bismuth, be present The lunction of the 
metal in promoting the phosphorescence is not understood.) 

Calcium sulphide is hydrolysed by water, forming a mixture of 
hydroxide and hydrosulphide: 

2CaS + 2HjO ^ Ca(OH) 2 -f Ca(SH) 2 . 

Calcium hydrosulphidc, C'a(SH),. is made by passing hydrogen sulphide into 
milk of lime It is used in tannine for removing the hair from hides 

Calcium Polysulphides, CaS (l 

Win :i inilk of him* is boiled with sulphur, the sulphur dissolves and calcium 
•v»lv>ul|>l:uLs are formed It i> suppoed that the tetrasulphide and thiosulphate 

it •• ii*'t lormed : 

:t( aiOlh, + I OS = 2CaS 4 + CaS,O s + 3H t O 

.u-i 1 ii ■ :.it cr decomposes into sulphite and sulphur, while the lormer torms 

i ‘ • jhiiUimiI; !»ide with excess of sulphur 

Calcium > tale, CaSO, 

Ibis or alive, as anhydrite, CaS0 4 ; and as gypsum, CaS0 4 .2H 2 0. 
If the gyp * » occurs in clean, line-grained masses it is called alabaster ; 
if in colour ie s tianducont crystals, it is known as selenite. 

The dihydrau may also be prepared by mixing solutions of sulphates 
with solutions «»i calcium '•alts, or by treating calcium carbonate or 
hydroxide with dilute sulphuric acid. 

Calcium sulphate is sparingly soluble in water: 100 grams ol water 
dissolve 0*1S grain of anhydrous salt at 0°. The solubility increases 
with rise of temporal me up to 40 after which it falls again. I his causes 
the formation of very haul scale in boilers when calcium sulphate is 
present in the feed water The presence of calcium sulphate in natural 
waters causes permanent hardness (page 281). 
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Plaster of Paris j oses the equivalent 

When gypsum is heated to a ^ “ so<ii \\ ct \ hem.-hydrate. 
ol U molecules of water and o) Pam because of 

swftjjyssr .... . 

water, it forms a plastic mass. \\h expansion occurs during 

to a white, porous hard ma» A : -1^ ^ ^ moll|d , he 

the setting so that it will ta < * interlacing ma>s of tine needle- of 
setting is due to the formation ‘ m \ ( hnixture of alum, borax, 

the dihydrate which take up 1,1 of setting, while common salt, 

etc., with the plaster reduce* 4 . winch when set is much 
etc., accelerate it. Alum make, a ^ k|l „ wn a , K ,,„, s 

harder; the mixture of piaster ol i 

cement. . ll( . ik .u above 2IH) it passe# into 

If plaster ol Paris, or g>P" ■ doe . not ,,. t when mixed with 
anhydrous calcium sulphate "• rhis is known as 

water, since it takes up water onlv 

< lead-burnt plaster. obtained in solution by saturating 

Calcium bisulphite, < a(H>U : ,l .. , n , iv ,. lv loved for dissolving 

milk of lime with sulphur ihoNidi . i ^ >iid a# an antiseptic in 

the lignin of wood pulp l« P a l KrnU 

brewing. n wcur5 naturally as uolltutoniU. H is 

Calcium silicate. CaSiO, oo cement (page «•>«) and 

an important constituent of gla» W 
furnace slag (page 842). 

Calcium Phosphates ,, the most important ol the 

The phosphates ol calcium an - rv " ta Hine tricalcium phosphate. 

salts ol phosphoric acuj. J | j,,. nearest approach to it is made 

Ca^PO,),. has not been oi l aim . ^ ()lutjoI| o( ca |c.um chloride m 

by' adding sodium plmspliat. ( |( ,^ , m , nin . forms of calcium 

presence of ammonia. Se\.ia am j calcined bones contain 

-.-»... r , x 

fe-s-s-.ssr.' lit 

decreases the solubility. " 1 solution^ when treated with tint 

calcium phosphate . a<l(l ,t,on of alkali. This behaviour is 

acids, but is reprecipitatici 

.» ..V Ol the wort I soluble to deM.nl h (In 

• Objection is sometime- raised to , M | ,„| ..molar roadious m "bub 

ol cilc.un, U-In Many ,«*■ «> 

the solution is the result ol .I* ;| , |>roccssc s; but it is not alwa>s ca» to 

dissolve, soluble, etc • to I* ' , ' j c hemical '* solution, 

draw the line between physical an 
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explained by the Ionic Theory as follows. The calcium phosphate 
furnishes calcium ions and phosphate ions 

Ca 3 (P0 4 ) 2 ^ Ca 3 (P0 4 ) 2 ^ 3Ca~ + 2P0 4 "'. 

solid dissolved 

Phosphoric acid is a very weak acid, i.e., it ionizes only to a very 
slight extent in solution. The addition of a dilute solution of a strong 
acid increases very largely the hydrogen ion concentration and hence 
removes phosphate ions from the solution as non-ionized phosphoric 
acid. This disturbs the equilibrium between the calcium phosphate 
and its ions, so causing more to dissolve. On adding alkali to this 
solution, the hydrogen ions are removed, more phosphate ions are 
formed, thus exceeding the solubility product of calcium phosphate, 
which is accordingly reprecipitated. 

Calcium phosphate is an important fertilizer, but its action is very 
slow on account of its small solubility. To convert it into a more 
soluble acid salt it is treated with sulphuric acid—usually chamber 
acid—in order to turn it into monocalcium phosphate. 

Ca 3 (P0 4 ) 2 + 2H 2 S0 4 = Ca(H 2 P0 4 ) 2 + 2CaS0 4 . 

The acid phosphate becomes Ca(H 2 P0 4 ) 2 .H 2 0 and the sulphate 
CaS0 4 .2H 2 0. This mixture, which is called superphosphate, usually 
contains a little undecomposed normal phosphate. 

Another form in which calcium phosphate is obtained is the basic 
slag of the basic Bessemer, and open hearth processes for steel-making 
(pages 845, 846). It probably consists mainly of calcium silico- 
phosphate, Ca 3 (P0,) 2 .CaSi0 3 . It is an important fertilizer. 

.O.OC 

Calcium oxalate, Ca( | , is a very sparingly soluble substance 

X O.OC 

and is used tor the estimation ot calcium (see below). It is obtained 
as a whit* \ recipitate on addition of ammonium oxalate solution to a 
soluble cdr-Tmi salt in presence of ammonia. Mineral acids act upon 
it m n aim imilar to their action on calcium phosphate (page 661). 
Calcium o.\is reformed as a precipitate on addition of alkali. 


5 j Detection and Determination of Calcium 

Calcium salt> may be detected by the brick-red colour which, when 
moistened with hydrochloric acid, they impart to the bunsen flame— 
provided that strontium, barium and sodium are absent. 

In qualitative analysis calcium, strontium and barium salts are 
precipitated as carbonate- by ammonium carbonate in presence of 
ammonia. The qualitative separation of these three metals is discussed 
on page 668. 

Calcium is usually determined as oxalate, by adding a boiling 
solution of ammonium oxalate to a solution of the calcium salt to which 
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„m»n» 1 ™ m o„iun, d,loH* |»v, S 

CaC 2 Oj = CaCOj + CO 
CaCO a = CaO 4- C0 2 . 

i liccniveil in warm dilute sulphuric 

.. 

permanganate. 


§ 19 Strontium, Sr 


History 
A 

Hope 
in Ar 
and by 

earth - . , WJ kW 

isolated by Davy mb 



Occurrence , m , f . mH j to above) and known as 

Strontium occurs as the c ; ir ’V 1 ’,' J 0 ..V.s/imc Strontium also occurs 
stronlianiU ; and also as ^Y , 1 villi'other alklaline earth minerals, 
in small quantities Y YtVm either calcium or barium. 

Strontium is much scarce! t .u tiuin similar methods can 

, For the preparation of j unl Usually it •> obtained b> 

be employed to those used r 

electrolysis of the fused eliKh'dt. calctam . It is a white metal 

In its properties strontium ,| K . m icallv more reactive than 

of low specific gravity <- t» auu 

calcium. . « u)u j (or the metal as such, althoug i i s 

So far no uses have been been suggested, borne of its 

employment in photo-electric uU rt _ c .g.. the hydroxide in 

compounds have commercial v, work . mak i llK . for " red tire. etc. 
sugar-refining and the nitraU m ^ ^ Uu . neighbourhood ol 

The atomic weight of s ' 1 , ht . periodic lable and with its 

This is in agreement with 1; 1 i<>ht )ias been determined b> 

specific heat. The exact atomi b )m Ric hards. by conversion 
methods similar to those , o( the chloride into sdyer 

of the bromide into ^\° r S7 (ii0 and «■«». ">e value 

chloride, obtained va ut *Committee is 87*03. 

recommended by the International 


§ 20 Compounds of Strontium 

.. rioselv resemble tlmse of calcium; 
Strontium compound* soluble Strontium salt*, 

the salts of strontium an tl 


as a rule 
moistened 
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with hydrochloric acid, impart a brilliant crimson colour to the flame 
of a bunsen burner. 

Strontium oxide, SrO, is made on a large scale by heating the 
carbonate in superheated steam: carbon dioxide is evolved and 
strontium hydroxide is formed: 

SrC0 3 + H 2 0 = Sr(OH), + C0 2 . 

The hydroxide on ignition furnishes the oxide. The temperature 
required for the direct decomposition of the carbonate to the oxide is 
higher than in the case of calcium. 

Strontium oxide is also made commercially trom celestine by 
heating it with carbon and treating the sulphide formed with caustic 
soda. The sodium sulphide is removed by means of water and the 
strontium hydroxide converted into the oxide by heating': 

SrSO, -f 4C = SrS + 4CO 
SrS 4- 2NaOH = Sr(OH) 2 4- Na 2 S 

Strontium oxide resembles quicklime. It “ slakes " similarly on 
addition of water. 

Strontium hydroxide, Sr(OH) 2 , which may be made irom celestine 
as described above, resembles slaked lime, but is more soluble in water: 
100 grams of water will dissolve 0-81 gram of strontium hydroxide at 
20\ It is a stronger base than slaked lime. It is extensively used in 
sugar-refining since it combines with cane sugar, forming an insoluble 
sncchurate. from which the sugar can be regenerated by carbon dioxide, 
strontium carbonate being precipitated. Thus bv its use a further 
quant it v ot sugar can lx* extracted from the “ molasses " left after the 
lirM crop of sugar has crystallized out. 

Strontium carbonate, SrC0 3 . occurs native as sirontianite and is 
madi tnmmctallv from celestine by fusion with sodium carbonate. 
It re**« m*4-■> calcium carbonate, but is less easily decomposed by heat. 

Strontium nitrate. >r(N0 3 ) 2 . is made technically by precipitation 
from •• iirated solutions of strontium chloride and sodium nitrate. 
(Cl. prrp.ii * *: o! potassium nitrate from Chile saltpetre, page 602.) 

It is cni»* ■: V used in pyrotechny for *' red tires." 

Strontium * iphatc SrS0 4 , occurs naturally as celestine. It differs 
from call iirr?• >uij hate in being less soluble in water and insoluble 
in animonin n ilph.ite. It closely resembles barium sulphate in most 
of its chernic-i* properties. 

Strontium chloride. SrCl 2 . is made commercially by the action ot 
calcium chloudi on -trontium carbonate. It resembles calcium 
chloride in being very soluble in water (100 grams ol water dissolve 
50 grams ol anhydrou* silt at 15°); it forms a similar hexahydrate, 
but it is not so hygroscopi< 


27] 


the alkaline earth metals 


< >!).■> 


§ 21 Barium, Ba. History, Occurrence and Extraction 

’Tcud»*», in M*. 

with combustible matters, ^ F . , tcr lt wa s called " B»log- 

dark. He called the stone tabu *>'<>■«“ ' which furnished 

nian,” or Bononian > ^ Q f gvpsum. K. W. 

/a/>i's solts was at first believed to P j a new earth which 

Scheele (1774) found that the^nm,er.il ^ ^ ^ calW tlu , earth 
gave a sulphate insoluble m « . » heavy—ami Lavoisier 

* barote "-from the (.reek f-ff*now used for this earth, 
later altered the word to baryta, tlu nam. 

Occurrence s|lU)hate known as heavy s pa* or 

The principal barium minora!11> k| ^ wn ^ a .,v/,^i7.-: while 

barytes. The carbonate ab ~ » ,) j s known as psilomelane 

an impure barium manganite. :• 

Preparation and Properties itl mcrc urv. was first 

Metallic barium, in the °j a ^"'.f ,,‘ u . nl ,„t difficult metals to 
obtained by Davy in IM»* it <' , , lf barium chloride 

prepare. It has been oh amed. J ^i, r ,d by distdhn, off the 
using a mercury cathode tlu D umm 

mercury from the amalgam ri . M . m |>iing calcium in appearance. 

Barium is a silvery whit, ni ni s:>(r lt very reactive 

lt is soft, of specific to the ait when finely divided, 

and inflames spontaneous 1 vigorous than those of calcium 

Its reactions are similar m but m»n .u 

* 2 > Atomic Weight of Barium 

" , atomic weight of barium have 

The principal determinate^ <* « ^^ i|l!o the Milphate. or of tlu 
been made byconversion* , orrespoiidiiig silver salt Kr hy; 
chloride or bromide m «» values Intween 1:17-34and I- Lo¬ 
using these latter methods «» • >im il.irlv. obtained a slightly lowei 

Honigschmid in m\l \V.^ ir (Ls work.* The value at present (UaO) 
value than tl>‘- '"Xin' riuti'-nal Committee is l3«-»»- 

recommended t>\ «m 


§ 23 Barium Oxides and Hydroxides 


The principal oxides of barium are. 

Barium oxide. Bau. 
Barium peroxide. Ba0 2 ; 

whilst a third, Bar i„m suboxide. Ba..O. 

has been reported. 
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Barium Oxide, Baryta, BaO 

Barium oxide is often made by decomposing the hydroxide or 
nitrate at a red heat as the carbonate requires a very high temperature 
for its decomposition. If the carbonate is to be used, it is mixed 
with lamp-black or tar before heating. The carbon bums off and 
the carbonate, at the same time, is decomposed at a much lower 
temperature: 

BaC0 3 + C = BaO + 2CO. 

Barium oxide is a white powder which slakes in contact with water, 
so much heat being evolved that, if but a little water be used, the mass 
may become visibly red hot. When heated in air, some barium 
peroxide is also formed (q.v.). 

Barium peroxide, Ba0 2 , results when barium oxide is heated in 
air to 400" or over: 

2BaO + 0 2 ^ 2Ba0 2 + 24*2 Cals. 

1 he reaction is reversible, and since its formation involves the evolution 
of heat and reduction of volume, a rise in temperature or decrease of 
pressure will favour the decomposition of the peroxide. This fact was 
made use of in the now obsolete Brin’s process for the manufacture of 
oxygen (page 305). Barium peroxide is also formed by the action of 
hydrogen peroxide on a solution of barium hydroxide. When made in 
this way it crystallizes out as Ba0 2 .8H 2 0. 

Barium peroxide is a white insoluble powder, which reacts with acids, 
forming hydrogen peroxide in the cold (page 204); or oxygen at higher 
temperatures, ft is used for the manufacture of hydrogen peroxide. 


Barium Hydroxide, Ba(0H) r 

B;ti n :n hydroxide results from the slaking of barium oxide. Com- 
,,h,vl 1 d * s made by heating a mixture of barytes with powdered 
< okc or coal, when crude barium sulphide is formed: 

BaSOj + 4C == BaS + 4CO. 

1 In ! .;i. r is then heated in a stream of carbon dioxide, and thus 

convened into barium carbonate: 


BaS 


is co 


The carbon at. 
heated steal*, 
times the nati\ 
Barium hy.:» 
hydroxide, can !.c 
decomposes if heat . 
in water than eitr• 
water dissolve 3-23 
which is strongly all 
hydroxide is used foi 


+ C0 2 + I1 2 0 = BaC0 3 + H 2 S. 

nyerted into the hydroxide by heating in super- 
Jibed for strontium hydroxide (page 664). Some- 
onatc. witherite, is treated similarly. 

i> a white powder which, unlike calcium 
i without decomposition. It melts at 325° and 
1 to from 600 to 1000°. It is much more soluble 
••'cium or strontium hydroxide: 100 grams of 
ns of barium hydroxide at 15°. The solution, 
•bn . deposits crystals of Ba(OH) s .2H t O. Barium 
he titration of weak acids in volumetric analysis, 
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§ 24 Salts of Barium 

Barium salts are white unless derived from a coloured ^id. and give 

colourless solutions. I hey are , \ , the principal soluble 

part insoluble or only very sparing M th n p 

ASHA burner, they give it an 

commercially from bar\Us, •> - manv respects, insoluble m 

is a white powder resenting^ J excess of carbon 

water, dissolving to a small - h ’ at atmospheric pressure 
dioxide. It does not decom o,e on lu tm, cluir ‘ coal ,00:40) it 
under a temperature of about 1 M. . 

is used in the case-hardening *> ~ 11 ■ I carbonate or from 

Barium chloride, Bat \'l'el!,'n..| the native sulphate, 

the crude sulphide resulting i Ilimc.dlv it is also made by 
by dissolving in hydrochloric • wjUi and calcium chloride. 

strongly heating a mixture o . slraC | the barium chlonde 

followed by lixiviation with - lUl 

which is soluble: r _c 

Bad. -r 4LO -r ^ab. 


BaSO, 


CaCl, -r 40 


I - - ^ Q 

■The aqueous solution de|H>sits crystal •* - h v,hated crystals are 
The anhydrous salt is a wl U_ nor hydrated salt is 

colourless and transparent. • 1 u i ion to calcium chloride. Barium 
deliquescent, in marked on ra«' s t> j water dissolve 35-7 grams of 
chloride is soluble in water. ^ rjul 

anhydrous salt at 20 * lv 1|NCl | m analysis lor the detection and 

Barium chloride is exti n . 

determination of sulphates (pa^e ' • madu by mixing solutions of 

Barium nitrate, Ba NO a l s . ' , It ( orn , s colourless crystals, 

sodium nitrate and banmn *>> • |s o( water dissolve o-0 

which are fairly soluble lll "'' ' ,i on '' 0 ( the oxide, and for making 

grams at 0°. It is used for the pnpar. 

'• green tire ” for firework-.. | argc scale by reduction of 

Barium sulphide, Bab, is , (,arium compounds. In preseme 
barytes for the preparation o otn markw j phosphorescence 

of minute traces of " n, '!‘ lik 'which it was formerly used in making 
like calcium sulphide and hke . (or t |ie manufacture of lithopone 

luminous paints. It is extensively used I 

(q.v., page 075). , rs nat ivc as barytes or heavy spar. 

Barium sulphate, Ba. v imitate on mixing solutions of asoluble 
It is formed as a heavy wlnu | 
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barium salt and a soluble sulphate. It is a white solid, unaffected 
by heat below 1500°, and is extremely sparingly soluble in water. 
With concentrated sulphuric acid the acid sulphate is formed, 
Ba(HS0 4 ) 2 , which is moderately soluble in water. It is reduced to 
the sulphide by heating with carbon as already mentioned; and is 
decomposed to some extent when fused with sodium carbonate in 
excess: 

BaS0 4 -f- Na 2 C0 3 r=* BaC0 3 + Na 2 S0 4 . 

It is used in the manufacture of paint by the name of permanent white , 
also as a filling ” for rubber and for paper making, to increase the 
opacity and weight of the paper. 


§ 25 Detection and Determination of Barium 


Barium is frequently detected by the formation of the insoluble 
sulphate in presence of hydrochloric acid on addition of a solution of 
a soluble sulphate. It is generally determined by the same method. 

In qualitative analysis barium is usually precipitated along with 
calcium and strontium by addition of ammonium carbonate solution 
to the solution (containing ammonia and ammonium salts) remaining 
after removal of metals whose chlorides, sulphides and hydroxides are 
insoluble. 


Several methods are in use for the separation of the mixed carbonates 
s,) obtained, of which the following is fairly representative, and depends 
upon the facts that barium chromate is insoluble in acetic acid, while 
strontium chromate ib soluble in it and calcium chromate is appreciably 
soluble in water; and also that calcium sulphate is soluble in presence 
«'l acd in concentrated ammonium sulphate solution, whereas stron¬ 
tium sulphate is not. 

1 n.- carbonates are dissolved in the minimum of dilute acetic acid; 

< I'ltion is boiled and potassium chromate added until no more 
barn.' I chromate is precipitated. The filtrate from this precipitate is 
nn>.\ ! \ u » two-thirds of its volume of concentrated hydrochloric 

d with its own volume of ammonium sulphate solution, 
foi ten minutes. Any strontium sulphate formed 

* : -d the filtrate made alkaline with ammonia solution, 
riling ammonium oxalate solution precipitates any 

* i" oxalate. 

chemically speaking, a member of the alkaline earth 
family of elen.e;.: but as its interest lies very largely in its radio-active 
properties, it is discussed in Chapter 36 along with the other radio¬ 
elements. 


acid, i 
and le. 
is filtei 
The adc;.: 
calcium pr< 
Radium 


CHAPTER 28 

ZINC. CADMIUM AND MERCURY 

§ 1 Zinc. Zn. History and Occurrence 


History known to the ancients, and 

Brass, an alloy of zinc andcop «• ; writing# . R. Jagnaux 

several references to brass oca.r m ^ ^ (ound in the ruins of 
says that bracelets made of B c . The word «nken 

Cameros which was •lestro e - o^ ^ ya , entinc but ,t is no there 
appears in the writings a>tn t() confused with several other 

referred to as a metal, and in the sixteenth century, 

substances. Paracelsus also 11 - tr , iavo bce n employed locally by 
At that time the term‘ rthv „re. Near the beginning of the 

the miners in the Canua for ^ (hina and the East 

seventeenth century. «n' c . ' • Indian tin. calamine, or speauter. 

Indies under the name tuU m r j, .,,h 1 the Goslar metal were 

Libavius (1597) said that the Indian ^ much confusion as 

the same. About this time «■ ^ ,ppears to have been the 

to the meaning of zinc. In ;■ tlu . metal now known as 

first definitely to apply the term j llenkc l. discovered that 

zinc. In 1695 W. Hon. nni m 1 J ^ ^ <or ?he manufacture 
zinc could be obtained from* 1749 by J Champion, 

of zinc was erected at 

Occurrence lhc basaltic rocks ot Victoria 

Metallic zinc has been reportt , as carbonate. 21 w* 

(Australia) ;*'but it usually; occurs UlKk Jllck . ZnS; ««.*. 

. • 7n(“0 * sulphide. -.IN' . .)/nO SiO.»'. vilrfintte, 

calamine, 4ntu 3 , * u 'i . u . , t Mamie, -/.nw.si^a• 

zincite or red zinc ore. Zn • /|d( . ZnO. AUO a 

(ZnFc)0.Fe 2 0,; z,«c s/uu./or 

8 2 Extraction of Zinc 

* I i„[ the manufacture <>f the metal i' 

The principal ore «»l * (1 ' a , <>nc enirate from which ores of 

the sulphide; often page 562.) The carbonate is also 

load etc have been rent 

used to some extent. )IlV() | V es two operations, viz (t |} roasting 

The process of extract! > . reduction to the metal, 

to convert the ore to the ox.de ■ « ^ diflkulty . carbon diox.de 

The roasting of the carbonate | 
being driven off: = Zn0 + COj . 

669 
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In the case of sulphide ores the sulphur is oxidized to sulphur dioxide 
by calcination in air. This is now effected in roasters in which the 
burning is carried out on a large continuous moving " belt " on to one 
end of which the ore is fed. It then passes under a large hood where, 
while being heated by an oil flame, air is sucked through it. The sulphur 
dioxide passes up the hood to be used for sulphuric acid manufacture 
by the contact process (page 468), and the zinc oxide falls off the end 
of the " belt." 

2ZnS + 30 2 = 2ZnO -j- 2S0 2 . 

1 he manufacture of zinc and sulphuric acid are in this way carried on 
side by side. 

hor the reduction ol the roasted ore, it is mixed with crushed coke 
or anthracite and heated to 1400M450 0 in fireclay retorts. The 
heating is usually effected by producer gas using regenerative furnaces 
for the recovery of the waste heat, similar to those employed in gas 
works and coke-oven practice (pages 350, 357). The oxide is reduced 
with the formation of carbon monoxide: 

ZnO + C = Zn + CO. 

Most metallic oxides are reduced by a reaction of the type 

MO -f CO -f C0 2 , 

which is reversible; but usually the concentration ol carbon dioxide 
necessary for the right-to-left reaction to be appreciable is very high. 
In the case of zinc vapour and carbon dioxide, however the back 
p action is marked and hence to complete the reduction of the zinc 
oxide in the retort it is necessary to use excess of carbon and so 
prewnt the formation of carbon dioxide. The temperature required 
for the ieduction is considerably above the boiling point of zinc, 
which therefore distils over and is collected in “condensers” and 
receiver > >f fireclay or iron. At first, a bluish-grey powder collects in 
ihe recoi\\; known as zinc dust —but later the metal condenses to a 
!i }md vlv-h is drawn off at intervals and cast into blocks — known as 
sptitcr i he spelter formed in the earlier stages of a distillation is pure 

enough for commercial use—the later 
portions require further purification, 
e.g., by liquation to separate it from 
lead, or by distillation. The retorts 
used in zinc manufacture differ to 
some extent in different works, but 
have the same main characteristics. 

A typical retort is illustrated in 
Fig. 28.1. It is of elliptical section 
and measures 8 in. bv 11 in. inside and is about five feet long. These 
retorts are arranged m lurnaces in three or four tiers; an average 
“ bank ” comprising some 300 retorts. 

Recently there lia> been considerable development of the use of 



_ _ Retort 

^ ^Condenser 
v "3? ^ 

Clay seal —-fcj* 




—r~ 
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Fig. 28.!.—Zinc Kctori 
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vertical retorts, which have the advantage of con,iouous operation 

These retorts are rectangular..^ut Of. by 5 stc , 

are made of silicon ' j!. fi.j an J preheated and another 

sion at the top into which the ehar* , u a wa ter seal. The 

.• u* bottom 

charge consists o bnqncttcs ah 1J jre , . bj . m eans of gas 
zinc ore and powdered coal. 1 he - j t a temperature of 

flames, in a large chamber of refractr f^j p£s up and 

1400“. The zinc vapour and car » « "** P Th ecarbon 

into condensers from which tlu mo c we |j ;|S having the advan- 

monoxide is used for heating the r '' " , ' , bvKlte= i oss of zinc through 
tage of continuous operation this method 

the reaction Zn + t -o 2 = ZnO + CO 

since the formation of CO. is largely pre\' nted pressure and 

Zinc is now refined ! 7 per cent, purity are pro- 

considerable quantities of the nutai oi 1 

duced in this way. , k n p | ace in the electrolytic 

Considerable developments lute aj- ;m . ; 

manufacture of zinc. I hi dissolving out the zinc 

(i) Roasting of the raw ore. '‘| iuric ' a oui) from stage iv; (in) r*- 
oxide, using spent electro \l i■ ) w ; lh electrolysis, or would con- 

moval of impurities whu h ' ... ^ arsenic, antimony, copper, 

taminate the product, e.g.. l, ‘> 1 ,| K » /inc sulphate solution, 

cadmium and cobalt ; U' > l l v j v l|U j | oa d anodes: this results in 
using aluminium ^ Volution ; (v) melting the cathode 

the re-formation of sulphuric ac 

zinc and casting into ingots. mufactured of a purity of UU-tli 

By this process also zinc can \* «w 

per cent. 


§ 3 Properties oi Zinc 

’ . , n , v„ -i. alxmt 71. being thus a little 

Zinc is a bluish-white metal ; >riH|iary temperatures loses its 

less dense than iron. It ^ when it can be readih 

brittleness about 1-U J , but r< . ume structure and if it be melted 
powdered. As cast, zinc ha> a . * • u(kict . 0 f sa y > asbestos, and the 

and poured on to a non-“'iu 1 w |,i t h lir^t solidities, a residue of 

liquid portion nin otf f r °m ' ^ obtained. Zinc melts at 4lo 

hexagonal pyramidal cry>«i■ J Ju< . lor of heat and electricity, 

and boils at 907 . It is a g* . . iir an( j in water containing air 
Zinc is slowly oxidized m m » j l>mu .d. When heated to about 
in solution, basic carboiia i s • . . . itc fl ame forming a bulky mass 

1000°, zinc burns in air w. h a ^ It also reacts readily with 

of zinc oxide known as attacked by water at the 

chlorine and sulphur. urc 
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boiling point, but commercial zinc reacts slowly; at a red heat zinc 
easily decomposes steam: 

Zn + H,0 = ZnO + H t . 

Zinc containing impurities is readily attacked by dilute acids with 
evolution of hydrogen in most cases, though not with nitric acid 
(cf. pages 260 and 420). Pure zinc, however, reacts with acids only very 
slowly if at all. This is thought to be because the impurities in com¬ 
mercial zinc form small galvanic “ cells ” with the zinc which passes 
into solution in consequence; whereas with pure zinc no “ cells ” are 
formed. 

Nitric acid yields zinc nitrate, but the nature of the other product 
depends upon the concentration of the acid. With concentrated acid, 
nitrogen peroxide is the principal product; with a somewhat weaker 
acid, nitric oxide; and with dilute acid, ammonia is formed which is 
not evolved but remains behind as ammonium nitrate. With dilute 
acid of the right concentration, nitrous oxide may be formed. 

Dilute sulphuric acid gives hydrogen with zinc (cf. page 260) but 
hot concentrated sulphuric acid yields sulphur dioxide (page 473). 

Zinc in presence of an acid such as dilute hydrochloric or sulphuric 
acid is a very good reducing agent (see page 266)—nascent hydrogen 
being more effective than gaseous hydrogen. 

Zinc will also react with hot concentrated alkali solutions, evolving 
hydrogen and forming a solution of sodium zincate, e.g.: 

Zn + 2XaOH = Na 2 Zn0 2 -f- H a . 

Z:nr is a very electro-positive metal, being high in the electro-chemical 

r’.e- (page 20 S) and, in consequence, will displace many other metals 
.!■ m ■ "lotions of their salts. It is used for this purpose in the extrac- 
TVin °* and silver by the cyanide method (pages 635 and 624). 


Z ; nc is u«ei 
certain 

puip . f '> « 

more 11 s i, * 
The 

which \ v, 
made In e.i 

• • I ( 

acid, into 
unlike tin. 
broken. This 
iron and henc« 


sj 4 Uses of Zinc 

> d in large quantities in making electric batteries, and 
Sheets of zinc have also been employed for roofing 
account of its softness galvanized iron (see below) is 


‘loved 

oi zinc is in the manufacture of galvanized iron, 
•*ei<- t with a layer of zinc to prevent rusting. It is 
a- n, cleaned by " pickling ” in dilute hydrochloric 
I he zinc protects the iron from rusting, and 
' vr ion is effective even if the zinc coating becomes 
avalise zinc is a more electro-positive metal than 
tacked lust. Iron articles may also be coated with 


zinc by heating m and spraying them with zinc-dust. This is known 
as sherardizing. 

Zinc alloyed witli \ per cent, of aluminium, up to 3-5 per cent, of 
copper and 0-05 pec cent, of manganese is largely used for the produc- 
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281 

Another very important use other important alloys 

(page G12). in which it is ‘ page <>121. It is a constituent 

of zinc are german silver and (itlit Im *} , l(|4(5 /page 020). 

of British silver coins minted between - - • P ox ide. in the 

Many zinc compounds «-[ '«^L-r mid in medicine, 
manufacture of paint, as a tilling for rumxr, 

§ 5 Atomic Weight of Zinc 

The combining weight ^S^e t^ 

of the halogen compounds, the tarb » .. sct . n to bt . in the neigh- 

synthesis of the oxide. 1 he a, °' m . 6 f zinc ,0 05)35); the vapour 

bourhood of 05 from the specific heat ' hism relationships 

density of volatile zinc compounds and the corn 1 

of zinc salts. , intern ational Committee is 65-38. 

The value recommended by the Internationa. 

S 6 Zinc Oxides and Hydroxide 

. \Vnnl ZnO is formed when the metal is 
Zinc oxide, Philosopher s Wool. . it is manufac- 

bumt in air. Under the conn j ,j u . fumes into condensing 

tured by heating zinc ... air a d " 

chambers where the poudin i ' • a p, x -ars vellow when hot and 

Zinc oxide is a white l"" dir - ' | )k .water, but it reacts with 

white when cold. It ,s " ln, “ ! . llklll ,. forming solutions o( zinc salts 
aqueous solutions of acids . , . avin „ as a n amphoteric oxide. It 

and zincates respectively, * ‘ , |, eat this being the method 

is reduced to the metal by carbon at 

of manufacture (q.v.). , , (pa „ e 74 I) asa white pigment 

Zinc oxide is used in place of uhite bv hydrogen sulphide. 

where white lead might ,‘.^.i^nous. ' A large quantity 

It also has the advantage o tb( . manufacture of rubber; it t> a ' s *’ 
of zinc oxide is used as a ti ^ t) f porcelain and m medium 

used for making glazes for certain k.ml. I 

in zinc ointment. tllc act ion ol liydrosen 

Zinc peroxide-. ZnO, U a ^"^y dilute adds with the tormaUon 
peroxide on zinc oxide, 
of hydrogen peroxide. 

Zinc Hydroxide Zn(0H) ’ whcn an equivalent quantity of an 

Zinc hydroxide is pr<c{'V., , ..Hution of a zinc salt. It decomposes 
alkaline hydroxide is addi j to it behaves as an ainpho- 

into the oxide and water w h f on n zinc salts and with alkalis 

teric hydroxide. reacting with -^ “dissolves” in aqueous 
forming zincates. mm- *> l 
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ammonia, and ammonium chloride, not because of the amphoteric 
nature of zinc hydroxide, but on account of the formation of complex 
ions: behaviour reminiscent of that of copper (page 616). The solution 
contains probably the ion Zn(NH 3 ) 4 *\ 


§ 7 Zinc Salts 

Zinc forms only one series of salts, and these are, in general, colour¬ 
less and very soluble in water. They often crystallize with water of 
crystallization. 

Zinc carbonate, ZnC0 3 , occurs native as calamine. If sodium 
carbonate solution be added to a solution of a soluble zinc salt, a 
basic carbonate, ZnC0 3 .2Zn(0H) 2 . H 2 0, is precipitated; but the use of 
sodium bicarbonate results in the formation of zinc carbonate. It is 
a white powder, which readily decomposes on heating. It is used in 
medicine for the treatment of skin diseases. 

Zinc chloride, ZnCl 2 , is obtained in solution by dissolving zinc in 
hydrochloric acid. The concentrated solution deposits crystals of the 
composition ZnCl 2 .2H 2 0; but the anhydrous salt cannot be obtained 
from this since hydrochloric acid is also lost and a basic chloride is 
formed: 

ZnCl 2 .2H,0 = Zn(OH)Cl + HC1 + H 2 0. 

The anhydrous salt is obtained by passing chlorine or hydrogen 
chloride over heated zinc. 

It is a white, very deliquescent solid and is used as a dehydrating 
agent. It is very soluble in water: 100 grams of water will dissolve 
330 grams of anhydrous salt at 10°. It combines with zinc oxide to 
form a hard and insoluble oxychloride; this property is applied in 
dentistry. It is also used (under the name of killed spirits) as a flux 
in soldering. 

Zinc sulphide, ZnS, occurs native, and is the principal ore of zinc 
(page 669). It is formed as a white, amorphous precipitate when an 
alkaline sulphide is added to a solution of a zinc salt, or when hydrogen 
sulphide is passed through an alkaline solution of a zinc salt. It is 
not acted upon by organic acids, but reacts with mineral acids with 
evolution ol hydrogen sulphide. Although pure zinc sulphide is not 
phosphorescent, it can readily be obtained in a strongly phosphorescent 
form. Minute tract's of manganese, etc., confer on it this property. 
(Cf. barium sulphide, page 667.) Zinc sulphide also finds application as 
a white pigment. 

Zinc Sulphate, White Vitriol, ZnS0,.7H.,0 

Zinc sulphate can he obtained by acting upon zinc or zinc oxide with 
dilute sulphuric acid. The concentrated solution deposits transparent 
crystals of the composition ZnSG 4 .7H 2 0. The crystals are very 
soluble in water: loo grams of water dissolve 138 grams of crystals at 
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10° It is used in the manufacture of lithopone . a white pigment 

ssssssssss? 

§ 8 Detection and Determination of Zinc 

oxide, which is yellow when ‘ J . mojstoned with a drop of 

again the Ration of a green mass 

(Rinmann's green) indicates the presen sulphide in alkaline 

SSS355 sfss^'fsasft s^sssai 

as zinc ammonium phosphate, which on gmtion is 

pyrophosphate. (Cf. magnesium Vj . . a white precipitate 

A 1 per cent, solution of of a zinc faintly 

of Zn(C 10 H,O 1 N) i .H,O when* ^ ^ jron and chromium must 

acid with acetic acid. Cop; , pjtates: but cobalt, nickel and 

first be removed, as they abo {, 1 l sensitive test for /inc. and 

manganese do not interfere. This is a very 

can be applied also to its deterrmna • (or the dl termina- 

" Oxine ” (8-hydroxy-qumoline) can also of iodlum 

tion of zinc which is precipitated as L n(C, M 4 UiM . 1 

(or ammonium) acetate and acetic aci 


§ 9 Cadmium, Cd 

History and Occurrence iwondcs and bv PlinV. «« * 

The term Kab^ia (cadmcia) was o! lht . ltiack Sea—which when 

zinciferous earth (calamine) "*°“ n< —auriclialcul Plinv also applied tl“ ’• r,u 

melted with copper furnished brass * found |n tlu . Hues ol hras-foundei* 

“ cadmia M to the tutty (impure zine 1 , „ <uv oxide tree from iron >u . 

furnaces. In 1817 F. Stromeycr * Works at Sal/^.tter lb— 

sample of zinc carbonate used at the £ hv CA \\ Vi \ - cadmium »«»»» 

only be due to the presence of a new m • 1 .. IloWtfrs of anc. «ba »*. 

cadmia fornacum. because the metal was found 
the flue dust of the zinc furnace. 


Occurrence commonly found accompany urn /u * c 

This clement does not occur free. J • orcS contain more than i •• .» pel 

in calamine and zinc blende. \cry t k u cadmium sulphide, t d>. ■' " 1 

of cadmium. The rare mineral grecnockitc. caun 
commercial importance. 

Extraction . ,. ns mos t ol the cadmium. 

Jg WK i- .."... 
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some zinc from which it can be separated by repeated distillation or by electrolysis. 
Increasing demand has also led to the development of processes for the recovery 
of the cadmium contained in zinc and brass ** fumes ” where these metals are 
being heated. The deposited " fume ” is collected and mixed with four-fifths of 
its weight of fine coal and distilled at a dull red heat. By careful control of the 
conditions most of the zinc remains in the retort and the cadmium vapour is 
caught in porous refractory slabs from which it is recovered by dissolving in 
dilute hydrochloric acid and rcprccipitation with zinc. 

Cadmium is also recovered from the vat residues of the electrolytic refining of 
zinc by precipitation with zinc. 


Properties 

Cadmium is a white metal, which melts at 321° and boils at 767°. It is ductile 
at ordinary temperatures. It is very slowly oxidized in moist air, but will burn 
when heated, forming brown fumes of the oxide. It resembles zinc in many of 
its chemical properties, though it is usually less active. It differs from zinc 
principally in that its hydroxide is not amphoteric and its sulphide can be precipi¬ 
tated in presence of dilute acids. 


Uses of Cadmium 

Cadmium is being used in increasing quantities as a plating material, particu¬ 
larly in the motor-car industry; electro-plating being effected from a bath of 
cadmium cyanide dissolved in sodium cyanide solution. It is also used for the 
production of yellow pigments, in particular cadmium lithopone. in which cadmium 
sulphide replaces the zinc sulphide of ordinary lithopone (page 675) and cadmium 
yellow which consists of cadmium sulphide. A mixture of cadmium sulphide and 
sclenide has also been used as a pigment Cadmium is used as a constituent of 
fusible metals (e.g.. Wood's alloy, which contains bismuth, lead, tin and cadmium 
in the proportions 4:2: 1 : 1 and melts at 71°). Cadmium is also used in conjunc¬ 
tion with cadmium sulphate in the Weston cadmium cell which is used as a stan¬ 
dard of h.M.F. Cadmium (1 per cent.) is alloyed with copper for overhead tram¬ 
way wires, and is used in some anti-friction alloys and solders. 


Atomic Weight 

Ihc* combining weight of cadmium has been determined by the conversion of 
the metal, and of the oxalate, to the oxide; the metal into the sulphide or 
sulphate ! v the reduction of the carbonate to the metal, and by the precipita¬ 
tion o* tin- < hh>nde and bromide with silver nitrate. The most probable value 
for the •tons:c w-ught is considered by the International Committee to be 112-41. 


§ 10 Compounds of Cadmium 

Cadmous oxide, ( d 2 O t is obtained by dissolving cadmium in fused cadmium 
chloride, treating the product with water, which forms cadmous hydroxide. 
CdOH. and gently heating this. It is a yellow powder. 

Cadmium oxide. C\1C). is formed when the metal is burnt in air. It has a rich 
brown colour 

Cadmium hydroxide, ( d(OH> s , is precipitated as a white powder on addition 
of solutions of alkali hydroxides to a solution of a cadmium salt. Unlike zinc 
hydroxide, it is not attacked by excess of alkali hydroxide, but. like the zinc 
compound, it forms a soluble complex compound when treated with ammonia 
solution. 

Cadmium salts are usually colourless and their solubility relations resemble 
those of zinc. I hey are notable for the low conductivity of tlieir solutions; in 
this respect resembling the compounds of mercury. This behaviour is attributed 



28) 


ZINC, CADMIUM AND MERCURY 


G77 


T , . • £n i,,», nn c 0 f cadmium chloride the 
to the formation of ™ U in so ' ut, ° n5 

following equilibria are bclltvc CA . , <>cr 

Cd* + < ?Cl' , + "cdCI, ^Cd(CdClJ. 

Cadmium sulphide. CdS. on' a" c'Xm'm salt. 

SPSS'S*! 

of precipitation, etc. H ' j ;,' ,* an ,nu^ orange-r.d owmg 

cadmium chloride, the preopitat* which \ c_Cd—Cl I he thiochloride 

to d the format.on of ra,/»..»>» <'*“'*t' t ^‘ uc d a ct,.u> of hydrogen s ulphkle and the 
passes into the sulpb.deby the contmucd act^ aUaikcd by .f.b.te, but does 
precipitate becomes light*, r hvclro-'cn sulphide being 1»1 h rated, 

react with concentrated. Wn.ud™t be employed... con- 

Cadmium sulphide is used as a ]», s |owlv if th.> .. done ft is no* 

junction with white had., a> , tcadm.nm analogue of mhoponc (page rw) 

used also in the form ^ ' R , ' ade bv treat,ng <ad.n.um oMde- wrth 

small change .n the solub.l.ty of eadm.un 

§11 Detection and Determination of Cadmium 

s K=S;S;gisE«2S5fis 

--f ^ctrofytic^ -St! 

mmrnmmm 

has also been employed I he 

pyrophosphate (Cd,l 

u History, Occurrence and Extraction 
§ 12 Mercury, Hg. History, 

Histor y . , o, M) „ c bv Theophrastus as xww dpyvpoi 

Mercury was mentione - ^ ^ ^ silvcr; ami he states that it 

(chyios argyros), quitkMh . 1 with c i nna bar m a copper vessel, 

can be made by rubbing ^ k f argyros), liquid silver; hence 

Discorides called it vdojp pre sent-day symbol Hg. lhe metal 

the Latin hydrargyrum, and P 
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had a certain fascination for the alchemists, and for a time they 
believed that it, or something similar, was a constituent of all metals. 
44 Nimble volatile mercury ” was named after the mythological Mer¬ 
cury, the messenger of the gods, and accordingly the ancient chemists 
symbolized the metal by the caduceus or herald's wand $, also used 
for the planet Mercury. 

Occurrence 

Free mercury in small quantities occurs disseminated in the ores of 
mercury, which in turn occur in relatively few places in payable 
quantities. The mercury deposits are usually found along lines of 
profound volcanic disturbances. Cinnabar, HgS, is the chief ore of 
mercury, and it is mined in Almaden (Spain), Idria (Carniola), Bavarian 
Palatinate, Peru, California, Japan, China, etc. The great quicksilver 
mine at Almaden is said to have been worked at least as far back as 
415 u.c. Pliny (c. a.d. 77) reported that 10,000 lb. of cinnabar were 
brought to Rome per annum from this locality. The American 
deposits range from Alaska along the Pacific slope down to Peru, 
one time the output from America rivalled that from Almaden, but, 
unlike the latter deposits, the American, and indeed most others, 
decrease in value with increasing depth. 



"Ring of 
gas /ets 


Extraction 

Mercury is obtained almost exclusively from cinnabar, HgS. The 
ore is first crushed dry and then screened into two grades. The l ar £J’“ 
sized pieces are sorted by hand into rich ore, poorer ore and waste, ine 
poorer ore is mixed with that part of the original ore which passed 

through the screen and the whole is powdered 
and treated by the flotation process (page 562). 
The rich ore and concentrates are roasted to 
oxidize the sulphur, and the metal is liberated: 

HgS + 0 2 = Hg -+■ SO*. 

The reaction takes place at a temperature 
higher than the boiling point of mercury which 
therefore distils, and is condensed. Different 
condensing arrangements are used at different 
works. The mercury, for example, may be 
condensed in large chambers as at Idria; or m 
a series of pear-shaped vessels—aludels—con¬ 
nected in rows nearly fifty feet long, as at 
Almaden. 

^ The crude mercury may be cleaned by filtra- 

tjfl tion through chamois leather; and purified by 

distillation from iron retorts. In the labora- 
t , w * tory, mercury is often purified by running a fine 

Of Mercury in 'vacuo spray of mercury down a long column of dilute 
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nitric acid, followed by distillation in vncno. For .his purpose a con- 

venient apparatus is that illustrated in I ig- - t is to 

A convenient method for cleaning mercury in the aboratory is to 
cover it wdh d.lute nitric acid and aspirate a rapid current of air 
through the whole for some time. 

; 13 Properties of Mercury 

Rils at £& Ith£a Slight vapour pressure, even at ordinary 

temperatures and the vapour is po^onou:,. circumstances, but 

Mercury does not tarnish, mthe air jn air or oxygen, 

is slowly oxidized when heat combines with iodine and with 

It reacts vigorously with rhUnw. a ‘ .^M^urv is not attacked by 
sulphur if rubbed with them it > . .. acts very slowly in the 

hydrochloric acid; concentrate! > ' . . ‘ j sulphur dioxide are 

cold; but when heated mercuric gj^^nicrcury. forming 
formed. Concentrated nitn. , )ihltl . n j, nc acid acts slowly. 

mercunc nitrate and oxides of > r ^ itlcs have no appreciable 

giving mercurous nitrate. Mmi > 
action on mercury. 

Amalgams e o( , bo metals and the solutions 

Mercury is a good ^ vint )( . ar to bc solutions in mercury 
are called amalgams, lhesc as < l. nc j mer curv. Sodium 

of the metal or of a compound of m under the surface- 

amalgam is made by pressing 1 1 Q ( sodium dissolves 

of mercury: a bright flas’ cadmium, tin. bismuth, 

and a solid compound is f_ r • ,, alIu . llt ordinary temperatures, 

lead and zinc also readily or anlates , but in mass the action 

Finely divided copier read y « K | x - amalgamated with 

is slow. Arsenic, an .mom^ not amalgamate directly. 

difficulty, while cobalt, m * (containing about 1 per cent, of 

When a little -l.unia^tn ch | orid e the mercury- 

sodium) is placed in a s lts or jginal volume, which 

swells up into a buttery miuv. th.rt> timesu^ £ a , urc i# somewhat 

is known as ammonium am lg ^ ^ bolmv j t is a true 

doubtful, but it is behev 1 1 higher temperatures it decomposes 

ammonium amalgam, but w « 

into mercury, hydrogen and ‘ja! filling. It is made bv mixing 

ro^^^" w£ prepared is ffastic but alter a few 

hours U sets to a hard silver-coloured mass. 

OAgjSn + *4Hg = 3Ag s Hg, + 5bn. 
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Uses of Mercury 

Mercury is widely used in physical apparatus such as thermometers, 
barometers, etc. It is used in the manufacture of vermilion (mercuric 
sulphide) and was employed formerly for the extraction of gold and 
silver. Considerable quantities are used for making mercury fulminate, 
which is extensively employed as a detonator; and a certain amount 
is used in medicine. Tin amalgam was formerly employed for “ silver¬ 
ing ” mirrors, and amalgams of gold, copper and zinc are used in 
dentistry for stopping teeth. Amalgamated zinc is used in electric 
batteries, because action takes place only when the circuit is closed. 
Sodium amalgam is used in the laboratory, in conjunction with water, 
as a reducing agent. 


§ 14 Atomic Weight of Mercury 

Several reactions have been used for the determination of the 
combining weight of mercury, including reduction of the oxide, chlonde 
and bromide to the metal, and the conversion of the chlonde and 
bromide to silver chloride and bromide. Using the last-named method, 
Honigschmid obtained results leading to the value 200 61 for the 
atomic weight of mercury, and this is the value recommended by the 
International Committee.' That the atomic weight lies somewhere near 
200 is indicated by the specific heat of mercury (0-333), by the vapour 
density of volatile compounds and by the position of the element in 
the Periodic Table. 


§ 15 Oxides of Mercury 

The principal oxide of mercury is mercuric oxide, HgO. This appears 
to exist in two forms, red and yellow. Thus, if a solution of a mercunc 
salt be treated with excess of an alkaline hydroxide in the cold, a 
yellow precipitate is obtained which probably results from the imme¬ 
diate decomposition of the mercuric hydroxide first formed. 

HgCl 2 + 2NaOH = HgO + H 2 0 -f *NaCl. 

If the precipitation be made from hot solutions, an orange precipitate 
is obtained, while heating mercury in air or careful ignition of the 
nitrate gives a red product. The difference appears to be one of particle 
size only, and the yellow oxide is more active than the red, probably on 
account of its finer state of subdivision. Hence its use in the prepara¬ 
tion of chlorine monoxide (page 508) and hypochlorous acid (page 511). 

When heated, the yellow oxide becomes red. and the red oxide 
darkens in colour, finally becoming almost black, the red colour 
returning on cooling. If'heatcd to a temperature somewhat above 
that at which blackening takes place, the oxide decomposes into 
mercury and oxygen. This is the way in which oxygen was discovered 
(page 301). Both forms of the oxide are slightly soluble in water* at 
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§ 16 Salts of Mercury 

.. c -i,i mercurous and mercuric. In the 

Mercury forms two senes .. . ap p arent lv univalent, 

latter the mercury is bivalent mtl J mu . Mature of the mercurous 
There has been some doubt as ” on t he vapour density 

compounds, but the expenmjjs rf H. ^ ^ 0gg on e.m.F. 
of very dry mercurous clilond 1 .- h >wn , hat tlx . mercurous com- 

of suitable concentration cells. ■_ t | ia t the metal is actually 

pounds contain the group — Hg 8 

bivalent. mv . lv . ..soluble in water, the nitrate being 

Mercurous salts are mo* mercuric salts are more often 

the only important soluble o . sulphide and iodide, 

soluble, the principal insolul*- « £ which they are 

The mercuric salts are reniarha k lc>r ^ ^ |qw conductlv ,ty. 
ionized in solution, as H,< lCi ( .. IS ' C . f or it gives a non-conducting 
Mercuric cyanide, is the extreme ‘ - - reactions’* of mercuric 

solution which does not give tin usual 

mercury. mercurous salts (see. e.g.. page d8:i| and 

Mercuric salts are reduc d o in oUS > llts ari . correspondingly 

sometimes to metallic m< ro ,.- ' 1 Mercurv is displaced from 

oxidized to mercuric by oxi<"/i mercuric, by all metals 

solutions of its salts, whellie.num.rous 

except gold and the platinum me uds. 

ij 17 Mercurous Salts 

, „„ , o is obtained as a yellow powder by 

Mercurous carbonate, *8 -» •*' NO | llt j on to a solution of mercurous 

addition of potassium bn. " * \ , ; n | 0 mercuric oxide, mercury and 

nitrate. It decomposes on heating 
carbon dioxide. 

Mercurous Chloride Calomel. nM . rcur j c chloride with mercury 

This salt can be obtain * ( jimate being washed with water 

and subliming the prodm . ' 

until free from mercuric chlorine 

Hg + HgCI, = HgjCl,- 

. i i .• ,he direct union of mercury and chlorine; and 

{IXt&STfAw*- d "" n * “• UUCT - l>ydr “ w “" c “ ' 

z* 
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a solution of a soluble mercurous salt, when mercurous chloride is 

precipitated. , , , . 

Mercurous chloride is a white powder, almost insoluble m water: 

1 litre of water dissolves only 0 002 gram at 18°. It sublimes at 373° 
and its vapour density is 117*75 (H 2 = 1) which seems to indicate a 
formula HgCl. This value would be equally in accord with the facts 
if the mercurous chloride vapour were dissociated into mercury and 
mercuric chloride. 

Hg 2 Cl 2 ^ Hg + HgCl 2 . 

H. B. Baker has claimed that the vapour density of perfectly dried 
calomel is 235*5, and this supports the view that the formula is Hg 2 Cl ? , 
and that the low value of the vapour density ordinarily obtained is 
due to dissociation. The lowering of the freezing point of fused mercuric 
chloride by the addition of calomel also indicates the “ double 


formula. . .. , 

Mercurous chloride forms a black compound with ammonia, wnicn 
appears to be mercuric amido-chloride. Hg(NH 2 )Cl. mixed with 
metallic mercury. The salt is also blackened by alkalis as well as 
ammonia, and this may be the origin of the name calomel from the 
Greek kciAo/xcAcl? ( kalomelas ), black. The solid also absorbs ammonia 
gas, forming Hg 2 Cl 2 .2NH 3 . 

Mercurous chloride is used in medicine as a purgative, etc. ror tnis 
purpose it is important that it should be free from the highly poisonous 

mercuric compound. . . ... . .. 

Mercurous iodide, Hg 2 U is formed when mercuric iodide or iodine 

is rubbed up with the right proportion of mercury, in presence of 
alcohol; or by addition of potassium iodide solution to a solution oi a 
mercurous salt. It is a greenish-yellow powder slightly soluble m 
water, which decomposes on standing or heating into mercunc iodide 

an Mcrcurous‘nitrate, Hg 2 (N0 3 ) 2 . is deposited in colourless monoclinic 
crystals of Hg*(N0 3 ) 2 .2H.,0 from solutions of mercury in cold dilute 
nitric acid, the mercury being kept in excess. This salt is soluble in 
water containing a little nitric acid, but excess of water decomposes 
it precipitating a basic nitrate. Hg 2 (0H)X0 3 . On boiling this with 
water mercuric nitrate and mercury are formed. Dry mercurous 
nitrate, on heating, decomposes into mercuric oxide and nitrogen 

P Mercurous sulphide, Hg 2 S. is said to be formed in brownish-black 
plates by the prolonged action of cold, concentrated sulphuric acid on 
mercury, but there is some doubt as to its existence. The action of 
hydrogen sulphide on mercurous salts gives a mixture of mercunc 

sulphide and mercury. . . » 

Mercurous sulphate, Ilg.,S0 4 . is formed by warming concentrated 

sulphuric acid with excess of mercury, or by adding dilute sulphuric 
acid to a solution of mercurous titrate. It is a white solid, very spanngl\ 
soluble in water, it is used in the Weston cadmium cell (page 676). 
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§ 18 Mercuric Salts 

Mercuric carbonate has not been.^n^Mtassium^car^natt to a 
carbonates are known. Tb* Jg^eol HgCO.-SHgO: 

solution of mercuric nitrate gves P „ prec i pl tatc of 

whilst that of potassium bicarbonate give. 

HgC0 3 .3Hg0. . -.iKiimate HeCL. is made, on a com- 

Mercuric chloride. corrosive < f m ’ ercur j c sulphate with sodium 

mercial scale, by heating a being usuallv added to prevent 

chloride, a little manganese d.ox > Dc,nt 

the formation of mercurous t hlorid . „ 

ov^ri a- H 'SO. = Na.^O, r “eMs* 

2NaC ..t. v l h ch |orine especially when heated, and 
Mercury reacts rapidh ^ jn t |,j s wav commercially, 

mercuric chloride is now beu * translucent mass. It is soluble 

Mercuric chloride sublimes as . * s pams at lO’-and by 

in water—100 grams of A u can be obtained in needle-like 

cooling a hot saturated solid on. tin 1 tivi ., v low temperature: 

rhombic prisms. It volat.l /e at a ^ ^ oX vchlor,des. e.g.. 
it melts at 277' and boils at 3 -» • j | (1 HO. The double salts are 
HgClj.HgO. and double salt hk . they arc much used m 

more soluble than mercuric cl 7 'k v taxidermists. Mercuric chloride 
making antiseptic solutions ‘ , so | u „on (1 : 1000) is used for 

is a valuable antiseptic. a " ‘ \. 1S a virulent poison, 

sterilizing surgical instrunu i • • c)l , oridl . are treated with reducing 
When solutions of mcrcuri ^ ( resu , ts and on occasion further 

.t- • 

s.n + »>A 

SnO., • 2 -J < is treat0( j with excess of 

When a solution ofwhite precipitate of mercuric amido- 
ammonia solution. a , b " U , .„ NM.-UgCI. is formed. If the 

chloride (infusible white pr 1 if mercuric chloride be add. d 

order of mixing be reversed, or 0^,^ me d,amm.no- 

to a boiling solution of Hg(NH a )XL. is formed. It is 

chloride (fusible white P«Vl b ^, ca |; sc w hen heated, it fuse- and then 

called fusible white precipita > precipitate volatilizes without 

volatilizes, whereas ,! indicated : 

fusing. The relation b ^ „ Hg(NH,)jCl t . 

Y V., is obtained by adding potassium iodide 
Mercuric iodide. Hgj*. £ ” oidi excess of potassium iodide or 

solution to mercuric chiornie. amount of iodine. A yellow 

by grinding mercury •^| v turns a brilliant scarlet, 

precipitate is formed wh. h P- a rod a yellow. If the red 

Mercuric iodide exists 
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form, which is tetragonal, be heated above 126°, it changes into the 
yellow (rhombic) form. This reverts to the red form on cooling, and 
scratching. Mercuric iodide melts at 259° to a red liquid, and a part 
sublimes forming yellow rhombic needles. 

Mercuric iodide reacts with excess of potassium iodide solution, 
forming a solution containing potassium mercuric iodide, K 2 HgI 4 . 
This solution, made alkaline with sodium or potassium hydroxide, is 
known as Nessler’s Solution. Nessler’s solution is used for the detection 
and determination of small traces of ammonia, e.g., in water analysis. 
Ammonia gives a yellow or brown coloration with Nessler's Solution, 
the intensity of which depends upon the amount of ammonia present. 

Mercuric nitrate, Hg(N0 3 ) 2 , is prepared by boiling mercury with 
an excess of nitric acid until the solution gives no precipitate with a 
little sodium chloride. If evaporated over sulphuric acid, deliquescent 
crystals of 2Hg(N0 3 ) 2 .H t O are formed. If the mother liquor be 
boiled, a compound Hg(N0 3 ) 2 - HgO. 2H 2 0, is precipitated, and if this 
precipitate or mercuric nitrate be treated with excess of cold water, 
the basic nitrate Hg(N0 3 ).,.2Hg0.H 2 0 is precipitated. Thus, like 
mercurous nitrate, mercuric nitrate has a great tendency to form 
basic salts. 

Mercuric Sulphide, Vermilion, HgS 

Mercuric sulphide occurs naturally as the mineral cinnabar which 
is the chief source of mercury. 

It is made by rubbing mercury and sulphur together in a mortar, 
and is also formed as a black precipitate by the action of hydrogen 
sulphide on a solution of a mercuric salt. When hydrogen sulphide is 
first passed through the solution (acidified with hydrochloric acid), a 
white precipitate is formed which is thought to be mercury thtochlonde , 
Cl—Hg—S—Hg—S—Hg—Cl. This gradually turns brown and then 
black as the current of gas is continued. 

Hg 3 S 2 Cl, + H { S = 3HgS + 2HC1. 

The black precipitate is almost unaffected by boiling dilute acids, 
though hot concentrated nitric acid gradually converts it into a white 
mercury thionitrate, Hg 3 S 2 (N0 3 ) 2 . and finally into mercuric nitrate. It 
is not attacked by solutions of ammonium sulphide or alkaline hydrox¬ 
ides, but concentrated solutions of alkaline sulphides, more particularly 
the polysulphides, convert it into solutions of thio-salts, e.g.: 

HgS + K 2 S = Hg(SK) 2 . 

There are three different forms of crystalline mercuric sulphide. 
Two of these, a black form and a red form, occur in nature. Black 
mctacinnabar , which occurs naturally, can be prepared by treating a 
dilute acid solution of a mercuric salt with sodium thiosulphate. By 
treating a concentrated solution in the same manner, a scarlet mercuric 
sulphide is formed with a specific gravity 7-2. This does not occur in 
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nature Cinnabar, the other native sulphide, is red. If the black 

for which purpose tt possess the «“ even(s its use on a 
remarkable permanence. Its cost. nowt i 

large scale. n • nr - nit vd bv heating mercury with 

Mercuric sulphate. HgbO,. i> F P- concentrating the solution 
excess of concentrated sulphate 

and allowing it to cool, small mB > - icts w ith hot water, 

are formed. It is soluble in coK «;> tl ■ uscd in pharmacy under the 

forming the basic sulphate Hg. F 

name of turbeth mineral. 

3HgS0 4 + -’HP = HgS0 4 .2Hg0 + lH 2 .0 4 . 

Mercuric cyanide. Hg(CN), « 

aqueous hydrocyanic aod. I • . non-conducting (and hence, at. cordm., 

and is noteworthy m that it> ; lhc •• reactions ** of mercury, 

to the ionic theory, non-ioni/cd) . l)V adding mercuric chlondc to a 

Mercuric thiocyanate. Hg(CN-)*. • in ; o|ubk . white powder which when 

solution of potassium thiocxanaU * j V || cts niade from the dry pow<k-r. 

dried and ignited forms a volun . * • | ll|C so -calkd Phataoh $ soffits. 

when ignited, form long snake-likc xuvts 


S 19 Detection and Determination of Mercury 

i !«• nht'lining the separation of the metal. 
Mercury is usually detected > ‘ f 0 i| \ V ith a solution of a mercury 

This can be done by warming ^1^ ^ ^ co|)]lcr as ;l grey layer which 
salt, when the mercury is 1 .. |„. vaporized to condense m 

becomes bright whin rubbed.. - b similarly, mercury corn- 

globules on the sides of a sn all vi( . M the metal. 

pounds when heated with sod similarly, the experiment being 

Mercury can also be do '* sl water-cooled silver 

carried out in a cruubU c ° 1 j s however, usually deter- 

plate, on which the mercury collects. 

mined as mercuric sulphide. 

§ 20 Relationships of the Elements of Group U 

S r / ii .iv somewhat similar to those of Group I 

The elements of Group II. ‘ r j ctcr 0 f those in the A sub-group, 
in the marked electf^^ * botwocI1 the members of the two 

and in the rather slight ■ . . however, less noticeable 

sub-groups. Both these charactenshcstan ^ ^ .. typfca| 

in Group II than in G o P ^ ((j the A su b-group as in Group 1 
.elements are not so clearly . of Chapter 27, they have been 

and. as mentioned at the b^b £onc |> usions arc supported by the clec- 

classified in both ways. elements which are shown in fables 

tronic configurations ol these acme 

XLIII and XLIV. 
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Table XLII1 


Element 

Number of Electrons in Orbit 

1 s 

2s 2 p 

3s 3 p 3 d 

4s 4 p Ad 4/ 

5s 5/> Sd\ 6s 6 p 

7s 

Beryllium 

2 

2 






Magnesium 

2 

2 6 

2 





Calcium 

2 

2 6 

2 6 

2 




Strontium 

2 

2 6 

2 6 10 

2 6 

2 



Barium . 

2 

2 (3 

2 6 10 

2 6 10 

2 6 

2 


Radium 

•» 

2 6 

2 6 10 

2 G 10 14 

2 0 in 

2 6 



Table XLIV 


Number of Electrons in Orbit 


Element 

i* 

2s 2 p 

3s 3p 3d 

4s 4 p Ad 4/ 

5s 5/> od Gs G/> 

Zinc .... 
Cadmium . 

Mercury 

2 

2 

2 

2 6 

2 6 

2 6 

2 G 10 

2 G 10 

2 6 10 

2 

2 G 10 

2 G 10 14 

2 

2 G 10 

2 


The valency of all the elements of the group is uniformly 2 in the 
soluble compounds, the mercurous compounds being only an apparent 
exception (see page 681). 1 he A sub-group forms a very well-marke 

triad of elements, which closely resemble each other; along with them 
must be included radium, which, so far as its chemical properties are 
known, is very similar to barium. Zinc, cadmium and mercury are 
also a closely related triad. 

The hydroxides of calcium, barium and strontium are soluble, or 
slightiv soluble, in water ; those of zinc, cadmium and mercury are 
insoluble. Similarly those of magnesium and the A sub-group are 
strongly basic, whereas the remainder are only feeble bases and may 
develop feeble acidic properties. The B sub-group elements also 
differ from the others in that their compounds are more easily reduced 
to the metal; they are all stable in air; their sulphides are stable and 
insoluble, whereas the others are decomposed by water; and the 
hydroxides are more easily decomposed bv heat. 

Beryllium, the lightest element of the group, shows many resem¬ 
blances to aluminium, and mercury, which in many respects is a 
highly individual element, is like copper in some ways, as, for example, 
in the number of complex compounds it forms with ammonia. *' er y*“ 
limn and magnesium resemble each other quite closely, though the 
former is sometimes more like zinc in its behaviour than magnesium, 
which is more like calcium. Magnesium also shows some resemblance 
to lithium (cf. Chapters 25 and 26). 







































CHAPTER 29 

the elements of group hi 

§ 1 Group in of the Periodic Table 
The third group of the 

and aluminium (the number* r ths and actinium on the 

scandium, yttrium, lanthanum. ' ' ^ the other Boron 

one hand; and galhum. md.urn and "“’.n the group. 

and aluminium are l , considerable discussion as 

As in the case of Group II. Hurt nas » ^ con ., dered as primarily 

to whether boron and alumimur _ l|hum indium and thallium ; 
related to scandium. yUrmm. et... > ”, , ose association of boron 

but the view is now generally th-^tn js on the whole> 

and aluminium with galhut ^ be re(err ed to again in § 21. 
the best arrangement. 1 his \ 

§ 2 Boron, B 

HiSt0ry a in the early Latin writings on chemistry, it is 

Although mentioned in the ea > a|wJVS ri .f e r to the subs ance 

probable that the term horaN applied the term buraq 

now called "boras." since he ^ 1 )7U , w Hombcrg 

(borax) to many substances >' *j t-d tbl> acid sal seJatnum, H. J. 

made boric acid from bora . • ■ ,ub ir < salt was produced at the 

Pott (1741) showed that ordm^id and borax vield boric acid and 
same time. Hence, sulphuric ( , M , t , orax j s a compound of 

Glauber's salt. Baron, > \(tcr Lavoisier’s work on acids 

Homberg's sal sedativum an ^ s uhst j UlU ,j f or •• sa l sedativum, ' and 
the term " boracic acid ' bbri . viat ed to " boric acid.' J. L. Gay- 
" boracic acid was later < . | emcn t in a more or less impure 

Lussac and J. Thenard isolate u 
condition in 1H0H. 

Occurrence ^ut it occurs as boric acid (also 

Boron does not occur fr^c i )ora u*s including borax and timal 

called Tuscany boric acid)—*™ u,0,.4H.O). It is also found m 

(Na,B 4 0 7 .10H..O) and n .tab'l \ 'coUmaniU (Ca 5 B # 0„.5H.O) in 

the form of complex “ C ^ r „,‘ rfr i„/c,7e (CaB.O,. NaB0,.SH ? 0) in 
Asia Minor and America, . q , at stassfurt. Boric oxide has 

Chile, and boracitc (-Mga » J 1 ;':. bas | K . ( . n (ound in small quantities 
been reported in sea-water, . . * . nt as |, c s and in some wines. 

in soils, in most vegetable pm 
It is not usually present m animal 
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Extraction of Boron 

The element boron has usually been obtained by heating the oxide 
with sodium, potassium, magnesium or aluminium in a covered 
crucible: 

B 2 0 3 -f 6K = 3K 2 0 + 2B. 

The fused mass is boiled with dilute hydrochloric acid, and a dark 
brown powder of amorphous boron remains. Of late years boron 
has been obtained by the electrolysis of a mixture of boric oxide 
with magnesium oxide and fluoride at 1100°, using a carbon crucible 
as anode and an iron cathode. The magnesium liberated at the cathode 
reduces the borate to boron which is deposited on the cathode, and 
yields amorphous boron on treatment with hydrochloric acid. 
(Andrieux, 1929.) 

Crystalline boron has been made by dissolving boron in molten 
aluminium at a high temperature. The solution, on cooling, deposits 
crystals of boron which can be obtained by removing the aluminium 
by boiling with sodium hydroxide. Some think that this crystalline 
boron is really an alloy or a compound ol boron and aluminium since 
it always persistently retains aluminium and carbon. A crystalline 
boron, said to be of 99 per cent, purity, has been made by striking an 
alternating current arc between water-cooled copper electrodes in a 
globe containing a mixture of boron trichloride and hydrogen. 


Properties 

Amorphous boron is a brown powder of specific gravity 2-45. The 
purest crystalline boron so far obtained is very hard, and has a quasi- 
metallic lustre, and a sp. gr. 3-3. Boron melts at about 2300 and 

volatilizes a little at that temperature. »• 

Boron burns to the trioxide (B,0 3 ) brilliantly when heated oxygen, 
and also burns in air. forming a mixture of oxide and nitride (15i ). 
Oxidizing agents (e.g., nitric acid) oxidize boron to bone acid; boron 
also reacts with fused alkali hydroxides, forming borates, with the 

evolution of hydrogen. .... , , i- .• w 

I'ntil recent times boron itself had not found any applications, Du 

it is now used, like calcium boride, as a deoxidizer for metals Borax 

ami boric acid (q.v.) are also important technically. 

Atomic Weight of Boron 

l he vapour densities ot volatile compounds of boron, such as the 
chlorides and volatile organic compounds, indicate a value for tne 
atomic weight of boron in the neighbourhood of 11. Dulong and 
IVtit's rule gives results which do not agree with this value, but the 
position of boron in the Periodic system supports the value 11. ine 
■xact value has proved difficult to determine with accuracy. It has 
been attempted by determining the weight of water in a given weigh 
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of borax (Na 2 B,0 7 - 10H,O) and by conversion of the halides into 
silver halides. The valu"c at present (1950) recommended by the 
International Committee, is 10-82. based on the determination by 
Honigschmid by the last-named method. 


§ 3 Compounds of Boron 

The compounds of boron exhibit in general the propntte‘ the 
compounds of a non-metal. They indicate that the etement is tenaUnt. 
The hydrides (eg B,H 6 ) seem to indicate the possibility of quadn 

CSeney .llltprol»bly . "»'»'«• ***** ' h “ ,orm ' ,la ' 

though the question is still not definitely settled Isis- b, hnl. 

Te 225 

and this reaction was also exam-rn-. 1 1 > K ‘.'V^tock and ins co-workers (10.2 
systematic investigations of the sui pc 

onwards) .unesnim boride is dropped into dilute 

Stock passed the gases evoivid v u • F ^ { air thus condensing them 

hydrochloric acid through a vessel ,,n [ , . <lru |\ , with silicon hydride, carbon 

to a white solid which is a mixture of boron 

dioxide, and other impurities hvdnde H.H I0 which soon breaks up 

Stock showed that the chic! prod ‘ llVl |n<U‘s isolated by him were shown 

into another. B,H,. and hydrogen. Other murine* 

to have the formulae: 

B|.H||. B.H, and B.H„ 

A .. .. *» formulae to these compounds presents some 

The assignment of constitution.! lorin „| a c seem to suggest that in them 

difficulty. At first « R ht. their inoUcuU I posltlon „f boron in the Periodic 

boron might be quadrivalent likerenders ibis improbable. A 
Tabic and the formulae of »*s 1 1 .. Wil - «»..• .»» tor . varntde. B.H. 

suggestion which gained a good <> * ;» V* "£ 
two of the hydrogen atoms were attached b> s.nglc 

leading to the electronic formula. 

6 II 11 


DU HUS iirnwv.e- ..I -- 

ort was that in. for example. 

electron links (cf. page 771) 


H - B: B - H 
II II 

. u nrr-xt instability of those compounds which very 

This view is supported by the £ ‘ cll | H>r „„ atom with only seven electrons 
readily lose hydrogen ; but : * W irt . s modification in view of the development 
in the outermost ring. I his idea \ ls n( lllc bond lengths indicate that 

of the theory of resonance, since » J- v ilcncics. This would involve resonance 
they are all longer than ordinary su»g£ “ '\V am] 
between structures such as the one g 

11 II H " 

H B:B:H and H:B B: H 


H H 


H H 
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Longuet-Higgins and Bell (1943) postulated the existence of resonance bridges 
between some of the boron atoms. They represent B t H e as 

H\ /H\ /H 
B B 
H/ \H/ \h 

where the terminal B—H bonds arc normal covalencies and the central bonds 
shown dotted) are the result of resonance between structures such as 
H H H H H H 

and ^B / 

H / H / X H H X X H X H 


This is in many ways the most satisfactory theory so far advanced for the struc¬ 
tures of these compounds. ... .. . 

Stock suggested that these compounds arc to be considered as acids ami 
formulated accordingly Thus, for example, he wrote B,H e as [B,H 4 JH # or 
written in terms of electrons: 



This is supported bv the formation of an ammonium salt and a sodium derivative 
and by the marked difference in composition and properties between the hydrides 
anti the other compounds of boron., This formula also has the ment of giving 
each boron atom the normal number of eight electrons in the outer ring, an 
does not require the doubtful device of single-electron link Stock has suggested 
similar formulae for the remaining hydrides 

Boron trioxide, boric oxide, B,0 3 , is lormed when boron is burned 
in oxygen, but it is usually prepared by heating boric acid to redness. 
The fused mass so formed solidifies to a colourless transparent glass, 
which has no definite melting point. When exposed to the atmosphere, 
boron trioxide absorbs moisture with which it combines, becoming 
opaque and finally passing into boric acid: 

B,0 3 + H 2 0 = 2HB0 2 

metaboric acid 

HBO., + HoO = H 3 BO :i 

orthoboric acid 

Boron trioxide is almost non-volatile, even at a red heat, and conse¬ 
quently it can decompose the compounds of much stronger acids, such 
as sulphuric acid, when heated with them to very high temperatures: 
B f 0 3 + 3K 2 S0 4 = 2K 3 B0 3 + 3S0 3 . 

This behaviour is analogous to that of the preparation of hydro¬ 
chloric acid from sodium chloride and sulphuric acid (which is a 
weaker acid than hydrochloric (page 502). (Cf. also the electric furnace 
method of making phosphorus, page 753.) 

Boron trioxide is mainly an acidic oxide; but it also exhibits veiy 
feeble basic properties. With water it forms boric acid and with basic 
oxides it forms borates, e.g.: 

CuO + B 8 0 3 = Cu(BO*) 2 . 


29] the elements of group iii 

The existence of unstable compounds, like 
B(HSO ) and the phosphate BPO*. is evidence »t> Ixwc properties*. 
Most of'the Vails howeVer. of either kind are largely hydrolysed by 

water. , a * ^ 

§4 The Boric Acids ^ 

Several boric acids arc known (at leas, m the torn, ofjalts), all 
derived from boron trioxide with varying amounts of water 

Orthoboric acid H,BO, ^ 

Metaboric acid H HO, < BA. H O 

Pyrobonc acid H.B.O, or - 

Tctraboric acid H t B 4 0 7 or -*HA,. H,0 

I* rmtn* coiiidIcx condensed boric 

Salts also exist corresponding (hr (( .£, acids ort |,oboric is 

acids, e.g., H.B.O,, and H/ thc lnos t important boron 
the only important one; <>f salts oonu. 
compound, is sodium tetraborate. 

Orthoboric Acid, H 3 B0 3 ... qo c and 

Volcanic jets of steam (soilionil at a tcm|>erai ai Toscana 
120“, issuing from the fumnro.es on ‘ S boric acid The 

—or Tuscany Marshes—cat r\ > • \ ^\ XK \ X often surround the 

steam condenses in lagoons (lagoni) . In^hlv charged with tly 

jets. The water of the in a crvstalline condition by 

acid, and the boric acid can b • . j , | a „ oons for arresting 

evaporating the water of 1S1H ; and artificial 

the jets of steam were estab^h ^ ^ o( „ K , stC am is utilised 
soffioni were bored in **•>•*. 11 

in concentrating the water sU ,,„| y „f boric acid is now made 

A large proportion of tl,l ‘ ", (d , s cakmm borates in California 
from the naturally occui ring 1 The mineral is powdered, mixed 

and South America, e.g.. 1 • , pa5>se d through the mixture, 

with boiling water, and sulpln 1 formed. On cooling, the 

'whereby boric acid and calcium sulphite arc 

boric acid crystallizes out^ = 2CaSO, + «H 3 BO, 

__ La 2 u 8 U|| t . »: ni , | 1( j» aoueous solutions as 

Orthoboric acid crystaUi/e?» on ■; tr i c linic system. It is appreciably 
white, shining plates belonging j n t j u . solhoni), and is sparingly 

volatile in steam (hence 1 " P * , )ly soluble in hot: 100 grams of 
soluble in cold water and 10° and 39*05 grams at loo . 

water dissolve 3-0 grams ol j j 3 * at a temperature of 100", 

On heating, orthoboric a< i< ° - ‘ ,. 

or a little above, metaboric acid lb fur . . 

it uo — HBOo T ki2 u » 

,« .boa, .»• <«"»*'» «,« 

pyrobonc acid, results. ( H q 

411150, = H a 15 4 0 7 + n 2 V. 
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When heated to a still higher temperature, it swells to a frothy mass 
and, finally, forms a glass of boron trioxide. 

Boric acid is a very weak acid: in aqueous solution it colours litmus 
claret-red, and moist yellow turmeric paper is coloured brown, but, 
unlike the brown colour produced by alkalis, the brown stain is not 
destroyed by acids. 

Boric acid is used in medicine as an antiseptic, and large quantities 
have been employed as a food preservative. Its use, however, for this 
purpose, is now prohibited in many countries: in this country food 
preservatives as a whole are forbidden. 

Boric acid is also used in the manufacture of glazes, particularly for 
enamels to be used on metals since borate glazes have a higher co¬ 
efficient of expansion than silicate glazes. 

Metaboric acid, HB0 2 , is formed when orthoboric acid is heated 
to just over 100°. When dissolved in water it reforms the ortho-acid. 


§ 5 Sodium Borates. Borax 

Sodium Tetraborate, Borax, Na 2 B 4 0 7 

Borax occurs naturally as lineal in the dried-up inland lakes of 
some parts of India, Tibet and California. Native tincal contains 
ajbout 55 per cent, of borax proper, i.e., of Na 2 B 4 0 7 .10H 2 O. This is 
extracted by lixiviating the mass with water and evaporating until 

crystals separate. # 

Large quantities of borax were at one time made from native 
calcium borate. The powdered mineral was boiled in drums with a 
slight excess of aqueous sodium carbonate. Calcium carbonate is 
precipitated as a mud, and from the clear solution crystals of borax 

are obtained. . 

Sodium metaborate remains in the mother liquor and is converted 

into borax by blowing carbon dioxide through it. 

Since 1926 when kemite (rasorite) was discovered it has been almost 
the sole source of borax. It is first extracted with hot water, which 
dissolves the borax; any silica in solution is precipitated and the hot 
filtrate, after dilution, treated with an oxidizing agent to destroy 
colouring matter. After further filtration the borax is obtained by 

crystallization. , 

Borax is ordinarily obtained in the form of large colourless crystaJs 
of the decahydrate, Na 2 B 4 0 7 .10H 2 0. It is sparingly soluble in cold 
water but is more soluble in hot: 100 grams of water dissolve 3 grams 
of decahydrate at 10° and 99*3 grams at 100°. If a saturated solution 
be allowed to crystallize above about 62°, octahedral crystals of the 
pentahydrate. Na 2 B 4 0 7 .5H 2 0 separate; if the temperature be below 
62°, the decahydrate is formed. 

Solutions of borax are alkaline, for, since boric acid is a very weak 
acid, considerable hydrolysis occurs. Borax solutions can be titrated 
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with standard hydrochloric acid using methyl orange (which is un- 

affected by boric acid) as indicator. K;# 

When heated, borax fuses, loses water and sweHs up into a whit 


)lir. DUI4A - . * 

platinum wire are used as tests for oxides which dissohv m the bead, 
and show characteristic colours as indicatt in a > i 

Table XLV.-Colovrs of Borax Beads with some Metallic Oxide* 


Metallic oxide 


Copper 

Cobalt 

Chromium 

Iron 

Nickel . 

Manganese 


Oxidizing Ham© 


Reducing flame 


Green (hot): blue (cold) 
Blue (hot or cold) 

Green or red (hot 01 cold) 
Yellow (cold); brown (h«>n 
Violet (hot); brown n« UI) 
Amethyst (hot or cold) 


Colourless or red 

Blue 

Green 

I nrt> green or olive 
Grey and opaque 
Grey and opaque 


3 . • T| ^ ™ need in tlu- manufacture of enamels. 

Large quantities of boras ; r 1 Klur , „l soap and of drying 

glazes and of optical glass, in th , s tilT*-ni„g agent 

oils; for stiffening candle wicks as;* etc.; in making 

in laundry work, ami f ,> ^ , || /,n |J j ; i ' a ' substitute- for gum arabic: 
varnishes for metals " lth ca , ■ , is a | S o employed as an 

and as a flux in soldering and brazing. 

antiseptic. bi . oblained bv the aetton ol caustic 

Sodium inelaborate, NaB( ),.41 1 3 . 
soda solution on boric acid or ^ KaBO + 2Hj O 

N.K+».OH * 4NaBO, + H.O. 

It crystallizes in colourless needles ... . . 

tined when a mixed solution o( borax 
Sodium perborate, NaBOj.4ll . . ,s ' * trcatct ] with hydrogen peroxide. It 

and sodium hydroxide is electn»i• >* • ,j >U spended in cold water, with 

has also been made by acting «jP° , crystallizes out on cooling with 

sodium peroxide, and treating the salt »H*n cr> 
the correct amount ol a dilute aci< . .... 

Na K.CU 3H 3 I30 

- “ “■ - ■ d ““‘ - 1 

bleaching agent. 

§ 6 Other Boron Compounds 

„ . . .. Pl . v wi ,|, most metals and with carbon at the 

Boron combines directly ' M „( these compounds are very' 

temperature of the electric i j )a b, V tlie hardest substance known, 
hard and carbon boride, CB„ ■=> prol.ao.y . . f 

. « , ul « ( lrr lormed when boron is burnt in nitrogen 
Boron nitride. BN. is a white | sc( j | >y steam, forming boric acid and 

or heated in ammonia. It is 
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ammonia and the occurrence of both these substances in the vapours of the 
soffioni of Tuscany has led to the suggestion that they are there derived from 
the action of steam on subterranean boron nitnde 

Boron sulphide. B s S„ is obtained in white needles by direct union ot the 
elements. Boron pentasulphide. B t S*. is also known 

All four halogens unite with boron to form trihalides. Of these the 
trifluoride and trichloride are the most important. 

Boron trifluoride, BF 3 , is a colourless, fuming gas which is best 
prepared by heating a mixture of concentrated sulphuric acid, 
ammonium fluoborate and boron trioxide. 

B 2 0 3 + 6NH 4 BF 4 + 6H 2 S0 4 = 8BF 3 + 6NH 4 HS0 4 + 3H 2 0. 

It reacts vigorously with water, forming metabolic and hydrofluoric 
acids; the hydrogen fluoride so fomed unites with unchanged boron 
trifluoride to form hydrofluoboric acid, HBF*: 

2BF, + 4H.,0 = 2HB0 2 -f 3H 2 F 2 
2BF 3 + H,F 2 = 2HBF v 

Ammonium fluoborate. NH 4 BF 4 . is obtained by heating a mixture 
of boric acid and ammonium hydrogen fluoride in an iron dish. 
2NH 4 HF., + H 3 BO, = NH 4 BF 4 + 3H,0 + NH 3 . 

Boron trichloride, BC1,. is a volatile, colourless fuming Uquji 
obtained by direct union of the elements; by heating ani intimate 
mixture of boron trioxide and charcoal in a current of chlorine. 

B 2 Oj + 3C + 30. = 3CO + 2BC1 3 . 

It boils at 12-5‘ and is decomposed by water into bone and hydro- 
chloric acids. 

§ 7 Detection and Determination of Boron 

Boron usually occurs as boric acid or a borate, and if in some other 
....... H < combination may be converted into one of these by means ot 

hot concenS ed nitric acid. These are then detected by heating with 
sulnCic acTd and a little alcohol. On setting light to the alcohol 
a green-edged flame, caused by the formation of ethyl borate, indicates 
, lie presence of boron Alternatively, the following procedure maybe 
,domed The suspected borate is mixed with powdered calcium 
fluoride and made into a paste with concentrated sulphuric acid A 
platinum wire is dipped into the paste and held near to but not in, 
bunsen flame If boron be present the flame is coloured green owing 
S lhTformation of boron trifluoride. Barium and copper, if present, 
,i„ nnt colour the flame under these conditions. 

Boron in the form of borax can be determined by titration with 
mineral acid (such as hydrochloric acid), using methyl-orange as 
indicator Boric acid itself can be titrated with caustic soda solutmm 
provided a considerable proportion of mannitol or glycerol is also 

present in the solution. 
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History r , 

The word " alumen," or its Greek equivalcnl; was 

as a grouping term for substances \u > •} - ' Paracelsus con- 
and some others classed alum with the v.tnob hut araccKus corn. 

sidered it to be radically different, for i> I"’ 1 " '' ca rthv " corpus " 

is not metallic but an> mt'™**’ ^'Vm’oU ‘ 1740. .bowed that the base 
was confused with hme until I H- • ^ Mrf prove d 

is really an argillaceous earth. amMn 1 *■ ^ d 

clearly that the base is entirely ditui. nc 
contains the " alum earth " united with silica. 

Occurrence aluminum) does not occur free 

Aluminium (also called in the l . • mt widely distributed, 

in nature, but its compounds are nutm roi . an . 

In abundance, it comes thud alter ox ^ ‘ j impure forms of the 
Corundum, ruby, and \ , and corunduin. There 

ride. A1 2 0,; emery is a mixture d .^in natun-g.W«i/e or hydrar- 
re three recognized hvdraU> oc r. ,, .»11 n M.OfOHl.. 


Some bauxites approximate i V n Vratcs. and some are con- 

mixtures of the trihydrate and to* r h>‘" ^ ^ bauxites are 

sidered to be more or less \m\>\ vinous I he double fluoride 

often classed as ferruginous, am n«» manufacture of aluminium; 

— cryolite, AlF,.3NaF-fc used m thy and as well as 

turquoise is a hydrated phosphate. / / * sjlkaU . s of a i un unium 

a great number of common miner, s. • chief compounds used 

with other bases. Bauxite and crvdU arc cryolite. free 

in the preparation of the metal .dun.:mi' " 

from silica, is now manufactured ° 

Isolation of the Metal W 6l.ler in 1827 by warming the 

Aluminium was lirst isolatin g b,,|, t K rey metallic powder, 

anhydrous chloride with potass • • I)H . ta | was obtained. Dcville 
but it was not until 1845 that'until 1880. was the only- 
replaced the potassium by y® aluminium until then was little 

method available, so that m 

more than a chemical curiosity. was made possible by the 

The cheap production of- solution of alumina in a molten 

discovery, by C M. Hall in 1*• 1 ^ £ „ uoride is an electrolyte, and 
mixture of cryolite and some otiu 



696 


MODERN INORGANIC CHEMISTRY 


[Chap. 

that when electrolysed, aluminium collects at the cathode. Aluminium 
is now made entirely by electrolysis, but the process can be carried on 
only where electricity is cheap (e.g, where water-power is available). 

The raw material is bauxite which is usually too impure to be used 
without a preliminary purification to remove iron, titanium and ( 
silicon oxides, which would seriously contaminate the metallic aluim-, 
nium. The bauxite is roasted at a low temperature to convert the 
ferrous oxide into ferric oxide and then digested with a solution of 
sodium hydroxide under pressure which dissolves the alumina, partly 
as sodium aluminate and partly as a colloidal solution: 

A1 2 0 3 + 2NaOH = 2NaA10 2 + H 2 0. 

The ferric oxide, silica, etc., do not dissolve and are filtered off.. 

Aluminium hydroxide is then reprecipitated from the solution by 
agitation with a little freshly precipitated aluminium hydroxide from 
a previous operation, when the aluminium hydroxide gradually sepa-| 
rates on account of the hydrolysis of the sodium aluminate in presence 
of "seeding" crystals, until the ratio A1 2 0 3 : Na 2 0 is about 1.6. 

The hydroxide is then washed, dried and ignited. 

The purified oxide is then added to a 

molten mixture of cryolite and fluorspar, 
contained in a large electrolytic cell 
(Fig. 29.1). This consists of an iron box 
about eight feet long and six feet wide 
lined with blocks of carbon and serves 
as the cathode. The anodes are a set 
of carbon rods. 

The exact nature of the action which 
takes place is not certain. The following 
is thought to be probable. The aluminium fluoride (from cryolite) 
ionizes: 

A1F 3 ^ AT" + 3F\ 

The aluminium is discharged at the cathode, while at the anode the 
fluorine reacts with the alumina reforming aluminium fluonde, and 
oxygen which is liberated: 

2A1 2 0 3 + 12F = 4A1F 3 + 30 2 . 

The resistance of the electrolyte to the current gives enough heat to 
keep the mass fluid. The liquid metal sinks to the bottom of the 
cell, whence it is " tapped M from time to time. The oxygen evolved 
at the anode either escapes as a gas or unites with the carbon of the 
anodes to form carbon monoxide, which either bums or escapes. Fresh 
supplies of bauxite are added when required. 

Clays contain from 20 to 36 per cent, of alumina but, until recently, 
no method was known for separating silica from alumina cheaply 
enough for manufacturing purposes. 


Tapping 
hole ” 















Fic. 29.1.—Manufacture of 
Aluminium 
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§ 9 Properties of Aluminium 

Aluminium is a bluish-white metal capable of taking a highpolish 
The dull surface usually seen on the metal is an effect of ^ '1^ 
film of oxide. Aluminium is lighter thanmost me 
gravity is 2-7 and therefore it has nearly the same spec'hc gravity a 
Sand one-third the specific gravity of non. ^ 

and malleable and can be rolled into shy , ' 1 • addition 

has a tensile strength of only 4 tons to thesquare .nch butthe addition 

of only small amounts of other metab^raises■ t - juin melts at 

is a good conductor of heat ana incuivuv. 

659-8°; and boils at 1800 ■ un ,itered in drv air. while in moist 

Aluminium remains practical^ 1 * . .. — 

air 
from 

highei _ r . 

heat. It burns readily in [* x ^^7i,iphi p»^>*< ra phy. Aluminium foil 
property is made use ofin >K » uri . jailed by passing a 
contained in a bulb of o\\>tn ni 1 •*» :* 


59-8 ; and boils at • dtered in drv air. while in moist 

Aluminium remains praUicallN U * ; protects the metal 

■ir and in boiling water »it oxidizes but slowly: at 
rom further action. Even at '< , , ovo | u ,j on „f much 

ligher temperatures it burns »riba >> whit(? li( , ht . This 

It Knmc ri'ndilv ill OWIIU1 M' ^ , n.f„-ai 


dilute nyurocnioric auu. 

giving an aqueous solution 0 , 0 "'|,,ulv that iiitric acid is 

Nitric acid, dilute or concen rated. “ l - an a. in the U.S.A.. 

usually said to have no action <m ^ ing nitric . ici(1 . 
aluminium containers have ; .rtion in the cold, but the hot 

Dilute sulphuric acid has vet?, t |luI ‘ ninium su | p hate with the ovolu- 
concentrated acid conxert* it n ‘ . • n . dissolved bv sodium and 

tion of sulphur dioxide. Aluminium * < I . j the formation 

potassium hydroxides with theevo u .on of ^ ^ wUh . 

of the alkali alum.nate ^fXlin rv tVmperaU.res. but they are said 
out action on the metal at ' n the presence ol sodium 

to have an appreciable solvent action, c^ode the n.etal. 

chloride. Salt solutions, eg-. » •. ‘.l.-ctro-ijositive dement (cf. I able 
Aluminium is a very ' nU ‘ 11 ;'' * jt isa powerful reducing agent. 

XVTI nnrrp and. in consequence, ‘ >. ^. )r K (in Al«i» 


Also, 
metallic 


XVII, page 208) and, in are reduced to carbon. 

Thus, carbon monoxide ami c \ ,oXI £j ar 

aluminium powder, when m » ma L . tungsten, uranium, iron, 
sulphides or oxides- manganese. thnimu.n . g 


sulphides or oxides- n,a,, ^ ,R ' nuorspa r. and ignited, reduces the 

etc-along with some > . ^ jth pyrites, it forms aluim- 

oxides or sulphides to t u "i. u .. h |njxturc beC omes verv hot during 
nium sulphide and metallic iron () .j- ()0 is sometimes attained, 

the reaction and a tempera uy ' so (tening and welding iron 

The heat of this reaction ca local hcat is needed. The 

rails, steel castings. etc.. mixture of iron oxide and aluminium 

rails to be welded are parked in a mixture ui 
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powder together with a special cement to ma«ce the mass compact. 
When the mass is ignited, it burns and heats the rails to a temperature 
high enough to weld the metals together. The mixture of aluminium 
powder with various metallic oxides is sold as " thermite,'’ and the 
process is called H. Goldschmidt s or the alumino-thermic process. 

§ 10 Uses of Aluminium 

Large quantities of aluminium powder mixed with oil are used as 
paint for steam-pipes and other metal objects. It is used for steam- 
pipes since the bright surface minimizes loss of heat by radiation, and 
for oil and petrol tanks to lessen absorption of heat. Aluminium is 
used for cooking utensils; the metallic parts of military outfits; certain 
parts of airships, etc.; precision instruments; surgical instruments; 
and as an ornamental metal for interior decoration; and artistic 
objects, trinkets, etc. The wire is used as a conductor of electricity, 
because aluminium wire, though thicker than copper for a given 
conductivity, is not so heavy and docs not strain the supports so 
much. Aluminium is used as a reducing agent in the production of 
certain metals—chromium, etc.—and in the manufacture of "thermite.' 
The formation of oxides during the melting of many metals is pre¬ 
vented if a little aluminium be present, hence aluminium—0*16 to 
0 05 per cent.—is commonly added to molten steel as it comes from 
the Siemens-Martin’s or Bessemer's furnace. This enables castings to 
be made more free from " blow holes." 

Aluminium forms many useful alloys, which are finding more and 
more applications. Examples of some of these and their approximate 
compositions are given in Table XLVI. 

Table XLYT. —Aluminium Alloys 


Composition (per cent.) 


Alloy 



Mag¬ 

nesium 

Man- 

Nickel 

Other 

Alumin- 

Silicon 

Copper 

gancse 

Elements 

ium 

4S . 




1 

1-25 



97-75 

2L8 



12 




Zn 13 

75 

Alpax 

Y alloy . 

RR 53 . 


14 

0-7 

4 

1*5 


2 

Fc 0-0 

So 

91-2 


*> 

2-25 

10 


1-3 

Fe 1-4 

01-45 

Duralumin 


0-4 

4 

(Mi 

0-6 



94-4 

Birmabright 
DTD 208 



4-40 

3—4 




00-07 

05-4-96 


Many aluminium alloys can be hardened and strengthened by 
ageing. This phenomenon was formerly thought to be peculiar to 
aluminium alloys but is now known with many others. 

Aluminium amalgam, made by adding aluminium filings to a 0-5 per 
cent, solution of mercuric chloride for a couple of minutes, is a valuable 
neutral reducing agent. 
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§11 Atomic Weight of Aluminium 

The vapour density ol aluminium;chlori 

denvatives of aluminium, and l its ->1 atomic weight 

approximately 27 for the atom c weight Ihe exa^ ^ hvdrogen 

has been determined b\ ,nta ^ ,,r dj . J)ld (rom thc weight of silver 
evolved by the action of acids < * • • weights of aluminium 

chloride or bromide obtained tom knew n and is 

chloride or bromide lhe value a 1’^ , t |, e silver method, 

based on the determinations made l>\ KrepUka 

§ 12 Aluminium Nitride and Carbide 

... .. M ai\ „ lorimsl when alumina « heat.,1 with carbon >o 

Alu mini um nitride. Al>. i** ,orm 

1800° in an atmosphere of nitron ^ c _.» xlN , ;tl o 

AljOj 1 •* • -* | (>r iho l»xati"n ol mtroijcn fpatse 4 l‘-M 

This reaction is the basis of thi ' >l ' / , r ’ linmo „ K , and aluminium hydroxide 
since, with water, aluminium ; i, y'; i \-_ Ml ,., liono | a mmoiuaai.d.>imuhamoudy 

and thus it was hoped to use it for • J j xvaS however «».>i •» coiiinur*. ial 

for thc purification of tauxitc l 

success. , , powder, made b> heating alumina 

Aluminium carbide. A!/ 2 - 1 | t decomposed by water, forming 

and carbon to a very high temperature 

methane (page 342) - 4AKOH). + 3CH«. 

§ 13 Aluminium Oxide and Hydroxide 
Aluminium Oxide, AI .O, nature as colourless crystal- 


Aluminium oxide, or al l,,n,n ‘|;. var j oU> nietallu oxides as ruby, 
line corundum; and tinted \lumina is prepared as .» white 

sapphire, amethyst, tinery. e - hVi i, oX ide. aluminium nitrate, 
powder by the ignition of a |, HM , u> *jpin . and it begins to 

or ammonia alum. Alumina l1 "'' j‘ nnima j s j, rC j, ar ecl in a crystalline 
volatilize appreciably at 1 * * . c f aluminium fluoride and 

condition by stronglv heating a mixture 

boric oxide. ., A1 w + li,0 3 = Al t O, + ^iv 

, iw».»n nreiiared: an ingenious method for 

Artificial rubies have also I ^ a r(H j of alumina is heated bv 
doing this is due to ' crncui * i a little finely powdered alumina 

an inverted oxy-hydrogen dun‘• ■■ dame. These small particles 

and chromic oxide are sprin <- * buiUl up a single crystal of 

melt and adhere to the r< . • ., _ artificial ruby. 

alumina coloured by the chnjini j unrC active substance. It is only 

Aluminium oxide is a stable aim 

reduced with great dijliculty. . ut s()0 an exot |,e r mal change 

When alumina is heated a ^ ^ ^ way for it then becomes 
takes place: the alumina cl cfc. vity r i ses rapidly from 2-8 

almost insoluble in acids, its *|*ciiu *> > 
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to 4 0; and other physical properties change at the same time. The 
change is supposed to be due to the formation of a polymorphic 
modification of alumina. 

Apart from its use in the manufacture of aluminium, bauxite is 
used in making the so-called bauxite bricks, and for lining the beds of 
basic open hearth furnaces. Fused alumina is also used as a high- 
grade refractory for muffles, etc. 

Alumina is now used in many branches of scientific investigation as 
an " adsorption filter ”; and by its use some remarkable separations 
have been effected. 

Alumina is a constituent of aluminous cements which are coming 
into increasing use, being characterized by their quick-setting proper¬ 
ties and resistance to sea-water. ... 

Aluminium hydroxide, Al(OH) 3 , is obtained as a colloidal precipitate 
when ammonia or an alkaline carbonate is added to a solution of an 

aluminium salt. . . 

Freshly precipitated aluminium hydroxide dissolves easily in acids 
and in alkaline hydroxides. If the precipitate has stood a long time 
under water, or if the precipitate be dried, it dissolves very slowly in 
these reagents. 

When aluminium hydroxide is precipitated in a solution containing 
a colouring matter, the latter is simultaneously precipitated, and the 
aluminium hydroxide with the adsorbed colouring matter is called a 
lake. Advantage is taken of this property in dyeing cloth. The 
aluminium hydroxide is first precipitated in the fibres of the cloth, and 
the fabric is then immersed in the dye, and some of the dye is fixed by 
the aluminium hydroxide in the fibres. Hence, aluminium hydroxide 
is a dye-fixing agent or mordant. Dyes which stain the fibres directly 

need no mordant. . . . , 

Aluminium hydroxide is amphotenc tor it will easily react with, 
and form salts with, both acids and alkalis. Both aluminium and the 
oxide and the hydroxide will react with solutions of the caustic alkalis, 
forming solutions of sodium or potassium aluminates (e.g., NaA10 2 ), 
and aluminates of the alkaline earths are also known. In solution the 
aluminates are believed to be wrta-aluminates (e.g., NaA10 2 ) and not 
ortho-aluminates (such as Na 3 A10 3 ) because the freezing point of a 
solution of alkali is unaltered by dissolving alumina in it. If hydroxyl 
ions are replaced by A10 2 ions this would be accounted for: 

OH' + Al(OH) 3 ^ A10 2 + 2H 2 0, 

whereas 

30H' -f Al(OH) 3 = A10 3 '" + 3H 2 0 

would replace three hydroxyl ions by one A10 3 ", thus altering the 
freezing point of the solution. The aluminates are not very' stable; 
their aqueous solutions are strongly alkaline, on account of hydrolysis, 
and they are decomposed by carbon dioxide with the precipitation of 
aluminium hydroxide. 
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The minerals 5 />,nr/-MgO. A1 s O,. or Mg(AlO t ) t ; % 

Be(A10 # ) t ; gahnitc-7 nO.Al t 0,. or ZnfAIO,),: hcrcymU-¥* O.Al.O,. or 
FefAlO,),—are supposed to be mcta-aluminates. . 

PfconoJ/r or «>*»"'•• M«0.Fe,0.: /««*««». i'^u r eZ«OJ^,. Jge"J*g- 
ferrite MeO Fe O - magnetic oxide of iron, Fe0 Fe 2 0,. and rnrowiw, r * » 

are sometimes included hi this group of minerals ''^h^egeneraj ™™*g n * ] * 
and general formula R"O.R"' s O,. where K” represents the d>ad elements he. 
Mn, Mg. Be. Zn; and R'" the triad elements Fe. Mn. Al. ^r. 

§ 14 Salts of Aluminium 

Aluminium salts arc usually colourless and are not poisonou^ Since 
aluminium hydroxide < a very weak base, the salts wi ^ strong aads 
are very readily hydrolysed with water, an sa s 
only be obtained, if at all. with great difficulty. 

Aluminium Chloride, A1 2 CI c . 

Aluminium reacts with hydrochloric acidI and the resul mg aqueous 
solution, in presence ol excess of acid, depositscr>staUof A1,C 1 6 .1-H 5 U. 
On heating, the hydrate decomposes, leaving alumina. 

AUC1 s .1-H 2 0 = 0HC1 + 9H.0 + A1 2 0 3 . 

Anhydrous aluminium chloride is made on a jaria, w rature P 

chlorine over a mixture of carbon ; 11 car of u llv protected 

The chloride sublimes and is condensed in a receiver . t 

against access of moisture: 

A, O + SC + 3T1- « AIXU + 3< O. 

• * . . • ,| so |,e made in the laboratory 

Anhydrous aluminium chloride CJ j ., heated aluminium 

by passing chlorine or hydrogen chloride over 

turnings. (Fig. 29.2.) 



Fic 20.2._ l’re'|x»T.iti‘>a ol Aluminium CI.lor.de- 

i inriiit* iiinics strongly in moist air, owing 
Anhydrous aluminium chloridt l nius ^ 

to the formation of hydrogen < h <»*< < ..... 

Ain, f lill.o 2 AI(OH)j + t»HCl. 

. „ u . .. nr density, at about 200°. corresponels 

It sublimes at I Hit and the vapour > 

to the formula Al 2 Cl fl . 
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Aluminium chloride is an important catalyst in the Friedel-Crafts 
reaction in organic chemistry. A crude aluminium chloride, made 
from bauxite, is used in the petroleum industry in the manufacture of 
“ synthetic ” lubricating oils. 

Aluminium sulphide, A1,S,. is a greyish-black powder which can be obtained 
by direct combination of the elements at a high temperature; by heating very 
strongly a mixture of alumina, carbon and sulphur; and by heating aluminium 
with iron pyrites. It is decomposed by water with evolution of hydrogen sulphide: 

A1,S, + 6H t O = 2Al(OH), + 3H t S, 

and hence, in qualitative analysis, the action of hydrogen sulphide, or ammonium 
sulphide, on an aluminium salt in solution precipitates the hydroxide. 


§ 15 Aluminium Sulphate. The Alums 
Aluminium Sulphate, A1 2 (S0 4 ) 3 

This salt is prepared by dissolving the hydrated oxide in sulphuric 
acid. Large quantities too are made by dissolving bauxite, and the 
purer varieties of clay in the same acid. Clay roasted at a dull red 
heat is more readily attacked by the acid. The crude aluminium 
sulphate so obtained is called “ alum-cake,” and if much iron is 
present, " alum ferric cake,” used in the purification of sewage on 
account of its power of precipitating colloids (cf. page 254). 

A purer sulphate is made by heating bauxite with sodium carbonate, 
or by boiling cryolite with milk of lime. In each case a solution of 
sodium aluminate—Al 2 0 3 .3Na 2 0—almost free from iron is obtained. 
The sodium aluminate is then decomposed by a current of carbon 
dioxide, and the precipitated aluminium hydroxide is dissolved in 
sulphuric acid. When the solution is concentrated, the mass solidifies 
to a white solid which does not crystallize very readily. The crystalline 
sulphate has the composition represented by: A1 2 (S0 4 ) 3 .18H 2 0. 

The salt is very soluble in water and has an acid reaction on account 
of hydrolysis. Basic sulphates are formed by boiling the normal 
sulphate with freshly precipitated aluminium hydroxide. 

Aluminium sulphate is used in ” foam ” fire extinguishers, since 
when mixed with sodium bicarbonate carbon dioxide is formed along 
with aluminium hydroxide which renders the bubbles stable, and 
hence a stable foam results. This foam is particularly valuable for 
the extinction of oil fires. 

It is also employed in sizing paper, tanning leather, waterproofing 
cloth and as a mordant in dyeing and in the purification of water 
supplies (page 280). 


Alums 

When hot solutions of equimolecular quantities of aluminium sul¬ 
phate and potassium sulphate are mixed and the solution is cooled, 
octahedral crystals of a double sulphate of aluminium and potassium 
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separate. The octahedral form is not always recognizable directly on 
account of the abnormal development of one or more faces, thus, 
shapes like Fig. 29.3 may be ob¬ 
tained. The salt has the formula 
K 2 S0 4 . AI 2 (S0 4 ) 3 .24H 2 0, or else 
KA1(S0 4 ) 2 .12H 2 0. This salt is a 
typical member of a large number ol 

isomorphous compounds which are Fig. 20.3.— Abnormally 
called " alums." Their general formula developed Alum Crystals 

is: 



RjSOj.Mj(S 0 4 ). 3 24H..O or RM(SO,),. 1-H,0, 

where R represents an atom of a univalent metal or radick 
potassium, sodium, ammonium, rubidium, taesiui , i . . . 

thallium ; and M represents an atom of a tervalent met ? l ;;; alum 
iron chromium manganese, cobalt, rhodium, indium, gall ram, 
titanium, vanadium, and tervalent thallium An ,nillll,, ' ril ' )K ^. 
alum has also been reported. The report of a silver alum has not been 

CO potTsh d alum or kaUnUc occurs native as the result of the .gathering 
of iron pyrites and alkali rocks. Mixed crystals of cliffcr.nt almns^are 

readily obtained by allowing nuxed s °^ u ,on> ° . eruwn on the 

crystallize; and crystals of one alum. sa\ c iro c • ■ . series of 

surface of ordinary alum, or conversely. < an > • ‘ atom j n 

selenium alums has also been made m 

K 2 S0 4 is replaced by an atom of selenium. I he selenium alums arc 
isomorphous with the alums proper. increasing atomic 

weight of the; tervalent nutal ami - ^ cxam()1 ;. > so diun. fonns 

atomic weight of the uim aUnt ; '■ m . lals _ al u I .iin iU m. vanadium, 
alums only with the lightest UrvaU n onlv with aluminium 

and chromium; potassium forms sta * ... * . x ■ Sil | ts . 

,„d chromium, the ferric .« 

"fwiTcn’rkoT «Kd«H.Oi' moimm, iormc m, alum only 
sulphate K ; S0 1 .l. ,(S0.) ,. aiHl i . , |as bocn made only 

with caesium and rubidium LM kc Thc a i„ms arc usually 

recently, and soda alum >s no^ eas J ;ind they are deposited 

much more soluble in hot of the two salts in the form of 

from cooling concentrated solutions 

octahedral or cubical crystals. w ,t.*r of crystallization. 

Who, hcorcd. the "P Sly lS.'. "< 

Potash-alum liquefies at .W f . ^ thc water is driven 

crystallization at 100 at M r I rolls mass called " burnt 
off more rapidly, and leaves bein' dI 1^ a „ ( alumina 

alum. Ammonia alum when calel k f , ublc su l p hates 

Al 2 O a —which may contain traces of sulphates. 

can be removed by washing. 
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Alum-stone or alunite is a kind of basic alum—K 2 S0 4 .A1 2 (S0 4 ) 3 . 
4A1(0H) 3 —found near Rome, and in Hungary, etc. It is supposed to 
have been formed by the action of volcanic sulphur dioxide on the 
felspathic rocks. It is insoluble in water, but, on calcination, it gives a 
residuum of alumina (mixed with ferric oxide as impurity) and potash- 
alum passes into solution when the mass is digested with water. Alum 
prepared in this way is called “ Roman alum," and that which occurs 
in commerce is crystallized in cubes. . 

Alum is extensively used as a mordant in dyeing and in the leather 
industry. On account of its power of precipitating colloids, it is used 
in styptic pencils, etc., for stopping bleeding from small cuts since it 
causes coagulation of the blood. 

Pseudo-alums 

A scries of double sulphates, sometimes called pseudo-alums, can 
be made by introducing a bivalent element—manganese, ferrous iron, 
copper, zinc, magnesium—in place of the univalent element of ordinary 
alums. Thus, 

A1 2 (S0 4 ) 3 . MnS0 4 .24H.O A1 2 (S0 4 ),. FeS0 4 .24H ? 0 

Manganese-aluminium pseudo-alum. Ferrous-aluminium pseudo-alum. 

The latter is related to the mineral halolrichite. These alums are not 
isomorphous with ordinary alums. 

Aluminium silicates arc important constituents of various minerals, 
e.g., the felspars, micas, garnets and zeolites. The felspars, such 
as orthoclasc or potash felspar (K 2 0.Al 2 0 3 .6Si0*), form part of most 
igneous rocks; the micas are double silicates of aluminium and another 
metal such as magnesium; and the garnets are double silicates o 
aluminium (or another trivalent metal) and a divalent metal (e.g., 
Ca, Mg, or Fe). The zeolites arc hydrated double silicates of a metal 
and aluminium. The sodium compound (Na 2 0. Al 2 0 3 .2SiO..oHgU). 
known as sodium permutit, is used for water-softening (page 1X6). 
Alumino-silicates are also important constituents of clays, which are 
discussed on page 721. 

§ 16 Detection and Determination of Aluminium 

Aluminium salts are usually recognized in qualitative analysis by 
the formation of a white, gelatinous precipitate of the hydroxide on 
addition of ammonia and ammonium chloride. In presence of litmus 
solution, a " lake " is formed. Alumina, when moistened with cobalt 
nitrate solution and heated on charcoal, gives a bright blue infusible 

m Aluminium has usually been determined by precipitation as the 
hydroxide with ammonia and ammonium chloride, followed by ignition 
to the oxide. Recently precipitation bv " oxine " (8-hydroxy quinoline) 
has been advocated. 
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§ 17 Gallium, Indium and Thallium 

The rare metal gallium. Ga. was discovered by Lee or, dc Bo.sbaudran in 
1875 while studying a zinc blende from the Pyrenees 

P Indium. In. is another e^ita.nVVtuhum 1 and the 

IniMral^yliSrrtTTrum Bolivia contains ' The ^pa’rk spre- 

precipitated from solution by »n< a«u ?* ul imliuni has a characteristic bright 
trum of gallium contains two '»°lit • * prominent indigo spectral 

indigo-blue line The latter element was thallium 

line. Gallium and itulmtn metal- art ‘ u . m|M . ra | Urcs (.allium and indium 
slowly decomposes water at or, ^”;^ ls \i| 1 i,.i,nimn unde, the same conditions 
are attacked by nitric acid. •, , m . K .|.,t r d to aluminium much as 

appears to be passive. Gallium •* ‘ 1 ., aUulll , t a „d thallium form oxides 

zinc is related to magnesium Ain ■ 7, , n d liasu properties. All three 



in 

sodium 
but spa 

soluble in water, men.. ' . ,, „ ., vll |. 

like the auric salts, so that while tha 

Tl t O,. is a feeble base. u , lead. as well as to aluminium. 

The tcrvalcnt salts also show resell.blanci 

gallium and indium. u ive louml uses technically, lhus 

Recently thallium and its compoun - \ mUU . sx textiles Some thallium 
thallous carbonate prevent- the gr«» a(| ( „,, v ol il,allium, aluminium and 

compounds have anlikiHM It | ,r ‘T tl rt .|n.,iliable resistance to tarnishing, 

silver in the proportion- •*« ■ i. U. .I increase m the sensitivity <»i -ilyer 

Addition of thallous iodide ca«.-» ' - l ' S>l | ts | M ve been used as depilatories, 
iodide emulsions to light (.ertain ' |U ,| uct . a „ ariilu i.il moult has been 

and their administration «•» sheep • , 0| ,1,raring I lialhuin itself i- used to 

proposed in order »o avoid the ' >!> retractive optical glass, and as the 

a limited extent in the product.”" oi a ^ ^ 

oxysulphide in the “ thalolide p u 
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§ 18 Scandium, Yttrium and Lanthanum 

The three rare elements, scandium, yttrium and lanthanum, are related to the 
aluminium family. They are all triad elements. Their oxides are all of the type 
Rj 0 3 . and their halogen compounds: RC1,. etc. The hydroxides are all basic 
and insoluble in alkaline hydroxides. The basicity increases in passing from 
scandium to lanthanum. Scandium, for example, is a very weak base, while 
lanthanum forms the hydroxide, with the evolution of heat, by the direct action 
of water on the oxide. All the elements form stable carbonates; the halides 
arc non-volatile, and are but slightly hydrolysed by water. They form double 
sulphates—La.(S0 4 ),. 3K s S0 4 —with the alkali sulphates, but these compounds 
are not alums. 

The properties of these elements closely resemble those of the rare-earth ele¬ 
ments. For reasons explained in the next section, none of them is now classified 
definitely with rare earths, though at one time yttrium and lanthanum were so 
included 

§ 19 Actinium 

The ultimate element of Group III is actinium and. like radium, its analogue 
in Group II. it is radio-active. It is doubtful if it has been obtained in a state o 
purity and its interest is in its radio-active properties. Consequently it is discussed 
in Chapter XXXVI along with the remainder of the radio-elements. 


§20 The Rare-Earth Elements* 

The group of elements known as the rare earths comprises a series of elements 
so closelv similar in properties that their separation is extremely difficult, and 
until comparatively recently it was uncertain how many definite and distinct 

elements were included. . , *»»« 

They occur in a number of minerals, most ol which are uncommon. Inc most 
important minerals are errite. cerium silicate mixed with the silicates of other 
rare earths, monasite. a phosphate containing cerium and yttrium along witn 
the rare earths, gadolimte. a basic silicate containing beryllium and iron, and 
Jcrgusomte. a tantalo-niobate containing up to 40 per cent, o rare 
Monazitc sand is found in considerable quantities in Brazil and in India. Of late 
the term rare has changed its significance when applied to these elements becaust 
some of them are not so scarce as was formerly supposed 

History . . , 

In 1794 I. Gadolin discovered a new earth in the mineral gadolimte. whicn 
had been named in honour of himself; and in 1797 A. G Ekebcrg named the 
new earth yttria. after Ytterby. the place in Sweden where the mineral 'vas 
found C. G. Mosander (1843) noticed that what was then called yttria is really 
i complex earth containing yttria proper, and two other earths, whicn * ere 
oxides of two new elements, erbium and terbium. In 1880 P. T. Cleve found 
erbium earth not only contained erbium, but also a new element thuUum 
name derived from the old Latin Thule for the uttermost 

In 1905 G Urbain also discovered lutecium in the yttria earths. In 1S80—rj? 1 
dc Boisbaudran separated dysprosium—from the Greek hvonpos ( dyspros ). dim- 
cult in allusion to the trouble involved in its isolation—from the same eartm 
In the same year. C. Marignac and Lecoq do Boisbaudran showed that terbium 
earth contained a new element gadolinium as well as terbium. In 1878 C. Mangna 
found the oxide of a new element in gadolimte. This he named ytterbium, after 
Ytterby (Sweden). In 1879 L. F. Nilson, while extracting ytterbia from the 
mineral cuxenite. also separated an unknown earth which he called scand urn. 
in honour of his country—Scandinavia—where the mineral was found, in 

• J K. Marsh (104S) has suggested the use of the term lanthanons to dtnote 
this group of elements (lanthanum to lutecium inclusive). 
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C. G. Mosander separated the ox.de ol a "'w elememmeT lanthanum" Wto! 
hitherto been thought to he ccna. 1 «. po inted another earth—didvmia 

(lanthanein), to hide. In 1841 L. O - NI V-inti didvmi u.t,— from the 
—from lanthanum. The corresponding * \ 1 t j close relationship and 

Greek &$i;,xor [didymos\. a twin, a „, ne suguesttd b> its cio 

almost invariable occurrence with antha'* • d|>an , n isT'i. separated sama- 

By fractional precipitation. L *-' c ‘ u l ^ \i. . u ,der in IMl). Samarium was 

rium from didymium tdiscovercd by ■ • m turn wa * named after a Russian, 

named after the mineral samar>k u • curop i U m from samarium; the 

M. Samarsky. E. Demar.av. 1 " * 9 ' ; ^‘oxele o, a distinct metal, didymium. 
residual didymia was supposed to , ^ sa | ts whose aqueous solutions 

with a definite atomic weight and wind tracl ional crvstall.za- 
gave a characteristic absorption s P < : Ur,, ‘ . inmonimum irate. A von NVelsbach 

tion of a nitric acid solution of didvmi .. rtt . n , in d the other amethyst 

separated this salt into two other sa • ' ‘ Vj |)a le green and pale blue I he 

blue. The corresponding oxides wert risj i • praseodymium -ironi the 

metal derived from the pale green o * * * * t | |f . f was called neodymium— 

Greek npdoivot (prasmos). ,cek w Kr ‘ » * Ml « solutions ol the two tractions have 
from the Greek not (wi'os), m • 1 , in t j K . n «ht proportions the original 

distinct absorption spectra, but when mixed 

didymium spectrum is reproduce* .Hincult matter. They are iirst >epa- 

Thc isolation of the several ‘Icm* j !errc d to as the cerium group, the terbium 
rated into three main groups Ion i* . de-crihcd as the light, middle 

group and the yttrium group, but. mm. 

and heavy earths. These groups arc made up a 


Light 

Cerium 

Praseodymium 
Neodymium 
(Illinium) * 


Middle 

Samarium 
Europium 
Gadolinium 
Terbium 
I lysprosium 
Hoi miu m 


Heavy 

Erbium 

Thulium 

Ytterbium 

Lutecium 


. . .ml is first heated with concentrated 

Starting, for example, with ^Vphates. sulphuric acid and phosphoric 

sulphuric acid. The resulting P ‘ st ^ , The filtrate contains con-ideral k 

acid is treated with a little water an d ^ ^ ^ pri . |>aratio „ o fert.h/ers l hi 
amounts ol phosphoric acid and is ’ ‘ l ilvcd cold water and the solut, °" ’* 

residual mixed sulphates are u * j lanthanon oxide thereby pr*A ipi a 
neutralized with some previous!) P£P J 1 . nl The filtrate from tlpe > xt 
any thorium, zirconium ami tit. »* ■ u .^ t ,.e light earths as double ^Iphatis 

treated with alkali sulphate wlmh | i \ ^ rt . malll solution 1 »e middh- and 
while the yttrium, middle and hi a > * K . of t | K . „„ich greater solubility of the 
heavy earths can be separated b> t ^ sulphates are reconverted to oxides 
double sulphates of the heavy *• .jg ih . , , 

or hydroxides by boilinK „j ,l.e ser.es .s laborious and depends 

The further separation ol the rm '"‘ st all,ration. The main 'nettimls are 
mainly on processes ol daeln • . j t . tn.ielle-ium nittates (separ.t n> 

fractional crystallization ol the■ d ,|ie l.romalcs (separa ion I o1 the 

light earths) and the fractional > l (or thl . purification ' P““ 

heavy earths) Special melho b arc „l samarium, europium or 

earths such as amalgam mm'-''" ‘Iratc (purification ol samarium, europium 
gadolinium) or reduction to the I'.valmt 

or ytterbium miu |e it clear how many rare-earth 

•Moseh-y's work > ‘ 'fil.c existence ol a gap (element of atomic 

elements there should be and confirmed tl l|alllls its discovery haw Uen 

number 01) in the list ol rare car>* tcd . Several art.fic.al radioactive 

made, but they have not ^ ( i uce ,| 
isotopes have, however, been p 
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For long the distinctness ol these elements, their number and position in the 
Periodic Table were matters of doubt and dispute. The conception ol atomic 
number, and the discovery by Moseley ol means for finding its value for any 
given element, has enabled the total number of the elements from hydrogen to 
uranium to be fixed The investigation of atomic structure, initiated by Ruther¬ 
ford and Bohr, lias enabled the relationship ol the rare earths to the rest of the 
elements, and their place in the Periodic System to be determined. 

As explained in Chapters 8 and 9, the first two complete periods of the Table 
{He—F and Nc—Cl) comprise eight elements each, and arc followed by two 
long periods of eighteen elements each. These long periods are formed by the 
inclusion of ten transition elements, in which an electron shell below the outer¬ 
most (the penultimate) is increasing while the outermost shell remains almost 
unaltered. After these two long periods comes a still longer period of 32 elements. 
In this period, not only is the phenomenon of the transition elements again found, 
but there is inserted, as it were, into the transition section of the period, a further 
group of elements (the rare earths), related to the transition elements of this 
period in the same way as the transition elements of the third and fourth periods 
arc related to the typical elements. That is to say, the rare earths occur through 
the increase ol an electron shell still deeper in the atom (the antepenultimate 
group). This is clearly seen from Table IX on page 120. The rare earth group 
is thus defined and is seen to consist of the elements from lanthanum to lutecium 
inclusive, in all of which the electronic structures of the outermost and next to 
the outermost shells are identical, and is foreshadowed by scandium and yttrium 
which precede lanthanum in the vertical series as starting points of the first and 
second transition series The remarkable similarity in properties of all the rare- 
earth elements is thus seen to be due to the fact that their ultimate and penulti¬ 
mate electron groups are all identical. 

The rare-earth metals can be extracted from their oxides by the alumino- 
thcrmic method An alloy of cerium, lanthanum, praseodymium, neodymium, 
etc., is made in this way from the residues left after the extraction of the thorium 
from monante and is known as mischmetall It is used as a reducing agent for 
the reduction of refractory oxides such as magnesia. Mischmetall. and cerium- 
iron alloys, are also used for the so-called " flints " of petrol-lighters, etc. Some 
of the rare-earth compounds have been used for colouring porcelain, and solutions 
of ceric compounds (e.g.. ceric sulphate) are used as oxidizing agents in volumetric 
analysis Lanthanum tungstate is used in the production of optical glass. 


§ 21 Relationships ol the Elements of Group III 

The exact sub-classification to be adopted in this group has in the 
past occasioned some difficulty, but it is now generally agreed that 
boron and aluminium are best associated with gallium, indium and 
thallium. This is supported by the conclusions at present accepted 
for the electronic configurations of these elements which are given in 
Tables XLVII and XLMII. 


Table XLVII 


Element 

Number of Electrons in Orbit 


25 2 p 

35 3 p 3 d 

45 4 p 4 d 4/ 

05 op 5d 

05 Op 

Boron .... 
Aluminium . . 

Lulhuiti . • 

Indium 

Thallium 

2 

•* 

2 

2 

2 

2 1 

2 0 

2 0 

2 0 

2 0 

2 1 

2 0 10 

2 0 10 

2 0 10 

2 1 

2 G 10 

2 6 10 14 

2 1 

2 G 10 

2 1 
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Table XLVIII 


Number ol Electrons in Orbit 


Element 

is 

is 

-/> 

3> 

•V 

:u 

4 s 

4/> 

Ad 

4/ 

3' 


od 

Gt 

Scandium . 


0 

2 

6 

0 

0 

G 

G 

G 

G 

G 

G 

G 

0 

G 

•> 

.» 

G 

0 

1 

|o 

2 

2 

G 

1 


0 




Yttrium . 




•> 

(i 

lo 

•» 

G 

10 



G 

1 


Lanthanum 




•> 

(i 

10 

•» 

li 

10 

1 

2 

li 

1 

*> 

Cerium 




•» 

c» 

10 

.> 

G 

10 

•> 


G 

* 

•> 

Praseodymium 

• 



•t 

G 

10 

•> 

G 

10 

3 

.» 

G 

* 

2 

Neodymium 

• • 



.» 

G 

10 

•> 

(i 

10 

1 

*> 

G 



Illinium 

• • 




G 

10 


G 

10 

."> 

•> 

— 

G 

» 


Samarium 

• • 



•» 

c* 

|o 

•> 

0 

HI 

G 

•> 

G 



Europium 

• • 



• 1 

G 

10 

•> 

G 

10 

$ 

•1 

G 

1 


Gadolinium 




•> 

0 

10 

•> 

G 

10 

s 

•> 

G 

1 


Terbium . 

■ • 




G 

10 

0 

G 

10 

*i 

•» 

G 


2 

Dysprosium 

• • 



•> 

G 

10 

.» 

G 

HI 

H» 


G 

1 


Holmium . 





•> 

G 

10 


G 

10 

11 


0 

1 


Erbium 




G 

G 

G 


G 

|0 

•> 

G 

10 

1 - 

•> 

l» 

1 


Thulium . 

• • 



•> 

G 

H> 

2 

G 

10 

13 

•> 

(i 

1 


Ytterbium 
Lutecium . 

• • 

• • • 

•> 

Li 

>> 

G 

10 

•> 

G 

10 

14 

•» 

G 

1 



The variation in the aSc 

aluminium, gallium, imlu.m a ml 
weight is indicated in I able a 1.1 a 

■ rm Hokon-ALUMINIL’M Family 
Table XLIX.- -Properties oi <>•' - 



Boron 

Aluminium 

(■allium 

| 

Indium 

Thallium 

Atomic weight . 
Specific gravity . 
Atomic volume . 
Melting point 

10-M2 

2-45 

4-5 

23inr 

•Jli 07 

2-7 

100 

•i(i0 

GO 72 
•VSI1 

1 l-s 

20 7a 

114-70 

7 3 

I.Va 

lfiS® 

204-30 

11 -s:» 

17-3 

303 


wun uk cxn-Hi.w.. . nvides of the metals ironi ammi.m.n. 

series arc scarce and rare. im muiiia to solution <‘f salts of 

to thallium are obtained b\ - * tcil j s f or ,ning salts. I lie haloid 

the metals. 1 he oxides disso ‘ j, ir c |,| 0 ricle breaks down into 

salts are volatile. At 1 , |k . ch lorides readil> lurm complex 

thallous chloride and clilori • ^ ^ |m . ta „ ic f | ia racter> predominate 
salts with other chlorides. t | K . properties of boron sum- 

in boron, and it can almost * ‘ a||V particularly striking family 

m arize those of the group. • definitely acidic and very feeble 

trait is wanting. Bone 1*,0, a.ul 

basic properties. for ' , '“"'' lorlT1 colI1 p OU nds in which boron acts as a 
S0 3 —of the strong au 1. stable compound, so also is 

base. Thus boron phosphate. HI u 4 . 
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boron sulphate, B(HS0 4 ) 3 , but is decomposed by heat or water. The 
other oxides are basic towards most acids, and the basic properties of 
the elements increase and the acidic properties decrease with increasing 
atomic weights in passing from aluminium to thallium. Thus, 
aluminium is acidic towards strong alkalis, gallium and indium 
hydroxides are soluble in concentrated potash solutions, and there is 
evidence of the formation of an unstable potassium thallate in the 
violet liquid which is produced when thallic hydroxide is suspended in 
a concentrated solution of potassium hydroxide, and treated with 
chlorine. The potassium hydroxide solution of indium oxide gives a 
precipitate of the oxide when boiled and the solution is decomposed by 
carbon dioxide. The trichloride, T1C1 3 , for instance, is partially 
hydrolysed by water. When thallium is trivalent, its compounds 
resemble the other members of the group; the thallic salts are readily 
reduced to thallous salts. The . . . ic salts are usually soluble in water 
and, excepting boron, the elements can replace aluminium to form 
alums—e.g gallium alums, M*S0,.Ga 2 (S0 4 ) 3 .24H.,0; indium alums, 
M 2 S0 4 .In 2 (S0 4 ) 3 .24H a 0. The grouping of thallium with aluminium is 
justified by the fact that thallium sesquioxide can replace alumina in 
the alums. Aluminium, indium, and thallium form complex sulphates 
with the alkali sulphates crystallizing with eight molecules of water; 
but when univalent, thallium behaves like silver and the alkali metals. 
The kinship of the thallous and alkali salts is illustrated by the fact 
that (i) thallous salts are stable bodies and usually isomorphous with 
the corresponding potassium salts; (ii) thallous sulphate can take the 
place of the alkali metal to form alums—e.g., Tl 2 SO,. AUtSOjJs^HgO; 
(iii) thallous monoxide, TUO, dissolves in water, forming a corrosive 
solution which resembles that obtained with caustic alkali—it forms 
salts when treated with acids; absorbs carbon dioxide, forming 
thallous carbonate; colours red litmus blue; the carbonate and 
phosphate are soluble; the chloroplatinate, like that of potassium, is 
sparingly soluble, etc.; (iv) it forms a tri-iodide, isomorphous with 
potassium tri-iodide; and (v) it can replace potassium in potassium 
chromate, forming TlKCr0 4 . Thallium itself resembles lead. 

The close relationship between scandium, yttrium and lanthanum 
and the metals of the rare earths has been discussed already and seen 
to lie in the very similar structures of the atoms of these elements. 
They resemble the other sub-group in being tervalent, and in other 

ways. 


CHAPTER 30 


SILICON. TIN AND LEAD, AND OTHER 
ELEMENTS OF GROUP IV 

§ 1 Group IV of the Periodic Table 

Group IV comprises the following elements, viz., carbon and silicon, 
with titanium, zirconium, hafnium, and thorium in the A sub-group; 

and germanium, tin and lead in the B sub-group 

The two short-period elements are more closely related to the B 
sub-group, and there is a marked gradation of properties m passing 
frorn carbon to lead. This gradation is of such a nature houexer. 
hat there are few. if any. obviousresemblanccsbe^ 
members Thus carbon and lead differ very considerablj . far more 
for example, than do lithium and caesium, or even ber\ Ilium and 

barium. 

§ 2 Silicon, Si 

Silicon does not occur free in nature, but. as indicated in our study 
of s lica numerous oxygen compounds are known. The process of 
manufacturing glass from silicates has b ( ;cn kn. l wn from anc,ent ( «,mes. 
and T I Becher (1069) believed that these silicates contained a 

ueculiar earth which he called terra vttrescMn (verifiable earth); 
peculiar earin ,. . was known in the seventeenth century 

this is now can, ; . • f when heated alone, and 

tha Becher s vitnhable earth d Mi ^ wi(|) other oarlhs . 

that a fusible g a s , vitr ifiaI>U- earth had acid rather 

O. Tachenius (1600) noticed tna g t showed it to have the 

than alkaline propertws. C. Vv ■ ben I L M Smithson (1811) 
characteristics of a re J ^ an airline earth. J. j. Berzelius 

considered it to be an acid raincri . IVville Dreoared 

prepared amorphous silicon in 1823; and H. M. C. Ucwlk prepared 
crystalline silicon in IH54. 

^Af ter "oxygen silicon is the most abundant element in the earth's 
Alter ox>gen. mi 0 f ( j lc most important compounds 

half-mile crust, a ; , t j f rCi . and combined with various 

found in that crust. Sihca occun. > < examples of natural 

bases. Silica occurs free as quart/., "ini. >•»., i 

silicates are felspar or ortwclase K ? 0.AI.0 6b,0 s , kaolunU. 
AI 2 O a . 2SiO a . 2HjO, and aiwrthitc, CaU AI.,U :l -8iu., 

Preparation of Silicon , 

Two allotropic forms of silicon have been described, known as 
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amorphous and crystalline silicon. There is, however, considerable 
doubt about their being true allotropes. 

Amorphous Silicon 

This can be made by heating potassium or sodium in an atmosphere 
of silicon chloride or silicon fluoride: 

SiF 4 + 4K = Si -f 4KF. 

The brown mass so formed is washed with water and hydrofluoric acid, 
heated at a dull red heat, and finally washed and dried. It is also 
formed by heating a mixture of sodium or potassium fluosilicate with 
metallic potassium: 

K 2 SiF 6 + 4K = Si + 6KF. 

The brown mass is cleaned as before. Quartz is reduced to silicon 
when it is intimately mixed with magnesium powder and heated: 

SiO, + 2Mg = Si 4- 2MgO. 

Crystalline Silicon 

Crystalline silicon is made by dissolving silicon in molten metals, 
and on cooling, part of the silicon separates from the solution in a 
crystalline condition. By passing a stream of silicon tetrachloride 
vapour over aluminium previously melted in an atmosphere of hydro¬ 
gen. the volatile aluminium chloride passes on. and the silicon liberated 
by the reaction 

3SiCl, 4- 4A1 = 3Si 4- 4A1C1 3 , 

dissolves in the molten aluminium. As the molten aluminium cools, 
silicon separates in long lustrous crystals. The aluminium can be 
separated by treatment'with hydrochloric acid. Crystalline siliconi is 
also made by heating a mixture of potassium or sodium siheofluonde, 
or powdered silica, with an excess of aluminium: 

4A1 4- 3K,SiF fi = 3Si 4- 6KF 4- 4A1F 3 . 

The silicon dissolves in the excess ol molten aluminium. The cold 
solution is treated with hydrochloric acid to remove aluminium, and 
with hydrofluoric acid to remove silica. Silica is reduced when heated 
with metallic magnesium: 

SiO. : 4 - 2Mg = 2MgO 4 - Si; 

if an excess ot magnesium be employed, magnesium silicide, Mg 3 Si, is 
formed Both it and magnesium oxide can be removed bv treatment 
with hydrochloric acid. Crystalline silicon is made commercially by 
heating silica with coke or calcium carbide in the electric furnace: 

SiO,, 4- 2C = 2CO 4- Si 
SiO,, 4- CaC, = Si 4- Ca 4- 2CO. 

Excess of silica must be used or else silicon carbide (carborundum) is 
formed (page 714). 


301 SILICON, TIN AND LEAD. AND OTHER ELEMENTS OF GROUP IV 713 

Silica is also reduced in the blast furnace (page 839), so that cast 
iron always contains silicon. 


Properties 

As with carbon, the different forms of silicon differ in chemical as 
well as in physical properties. 

Amorphous silicon is a dark-brown amorphous powder withai specific 
gravity 2-4 It melts at 1420 . and volatilizes in the electric arc. 
When y calcined in air. a surface skin of silica is formed w oc i protects 
the element from complete oxidation. Silicon igmtes m chlorine at 
about 450° and bums to silicon tetrachloride. If mlicon be heated 
with hydrogen chloride, free hydrogen and silicon chloroform are 

formed: S i + 3HC1 = SiHCl, + H s . 

Silicon is insoluble in water and most acids: but it dissolves in hydro- 
fluoric acid, forming hydrofluosilicic a< u . 

Si + «HF = ->H, + HjSiF*. 

When boiled with alkaline hydroxides it forms hydrogen and alkaline 

silicate: *. »>H 

Si + 2NaOH + H,0 = Na,MO ;l -t- 

... / i... I. oo.ifiiK* m-edle-like cr\ - stals or 

Crystalline silicon forms > . n „ ll d, to scratch glass, 

octahedral plates (cubic s>>1ni . I ; ^ airor(linf . to ,| u . u .mpera- 

Its specific gravity varies Ik U . - 14 heated in chlorine 

ture to which it has been eat<d. f ™'™ )fcon ms „, nlos , 
and takes fire spontaneously m Ihioniu. • 

• . * ..m.x 4 J nit Tli' 


: • . ...... .A nitric and hydrofluoric acids. It 

acids, but dissolves electric furnace. Crystalline silicon 

lious silicon does not. Chemically, 

crystalline silicon resembles ainorph 


melts at 1420 , and ui«.»^ . ••• Iin .i <ll4s , U)1 

slightly conducts electricity. .-n. but it is not so active, 

crystalline silicon resembles am r| I . njtride alu l also with 

Silicon combines with nitrogen, ^ 

the metals, forming silicidcs. 


Uses i 

... * n a ro i. 0 i n an electric furnace is used 

Silicon prepared ir(l|1 whi ch is very resistant 

or making alloys. in { , h , tl |l., l „,n of nitric acid; and 

to acids and is used, for exainpu. 1 a tr , KC . „f silicon, is used 

silicon bronze (a copper-tini all> >• .^ { alloy, containing 

for telegraph and telephone vtins . ^A ' has wj(U . app | U : ations in the 

3-4 per cent, of silicon, known a _..■ ^ hvsU . r ” is | oss . Certain 

electrical industry on account < f u and carborundum, have 

of the compounds of silicon, notably smea a. 

many applications. 

The vapour densities of volatile silicon compounds, and the position 
2A # 
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of silicon in the Periodic Table indicate a value of approximately 28 
for the atomic weight of silicon. The best determinations of the 
combining weight have been made by determining the amount of silver 
halide produced by dissolving silicon chloride or bromide in water, 
followed by addition of silver nitrate. In this way the value 28*06 
has been obtained and is that recommended by the International 
Committee. 


§ 3 Hydrides and Carbides of Silicon 

Hydrides 

Silicon forms a number of hydrides, similar in composition to the 
simpler hydrocarbons. It is evident, however, that the power possessed 
by carbon of forming long chains of atoms, is exhibited by silicon only 
to a slight extent. Examples of silicon hydrides are: 

Silico-methane, silicane or silane, SiH 4 . 
Silico-ethane, Si 2 H 6 . 

Silico-propane, Si 3 H 8 . 

Silico-butane, Si 4 H 10 . 

Silico-ethylene (Si 2 H 4 ) and silico-acetylene (Si 2 H 2 )„ have been reported, 
but their existence is doubtful. 

The hydrides of silicon are not very stable and, like many other 
hydrides, act as reducing agents. 

Silico-methane. Silicane. SiH, 

This gas is most conveniently made by the action of concentrated hydrochloric 
acid on magnesium silicide: 

Mg,Si + 4HC1 = 2MgCl, + SiH 4 . 

Magnesium silicide is obtained by heating sand with excess ot magnesium powder. 
The silico-methane formed is mixed with hydrogen and other silicon hydrides, 
the presence ot silico-ethane makes it spontaneously inflammable. These can 
be separated by liquefying the gases by passing through a vessel cooled in liquid 
air and fractionating the product. 

Silico-methane is a colourless gas. not spontaneously inflammable at ordinary 
pressure. It burns with a bright flame: 

SiH, + 20, - SiO, + 2H,0. 

When passed into alkaline solutions, it decomposes: 

SiH, + 2KOH + 11,0 = K,SiO, + 4H„ 
and when heated to 400° it decomposes into its elements 

Silico-ethane. Si,H a . can be obtained as a liquid by fractionation of the residues 
Irom the preparation of silico-methane. It is a colourless liquid, b.p. -15°. It 
decomposes into its elements when heated to 200° in absence of air; in air it is 
spontaneously inflammable. 

Silicon Carbide. Carbon Silicide, " Carborundum," SiC 

This compound is made by fusing a mixture of coke and sand in an electric 
resistance furnace estimated temperature 3f»00° The furnace is a large rect¬ 
angular box with permanent ends and temporary sides Large carbon electrodes 
aie fitted into the two ends, and project into the furnace. Granulated coke is 
packed between the electrodes A mixture of sand and coke, with some salt to 
make the mass fusible, and some sawdust to make the mass porous, is packed 
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which takes place is represented by the symbols. 

SiO, + 3C = SiC + -CO. 

The carbon monoxide burns above the |<; thon allo . .. fi t o cool ; 

The operation is over in about e.ght hours J^^J^^cd The t>est grades 
the side walls are removed, and the crushed and treated with sulphunc 

are found nearest the core The produi . d „ ra <j c d according to size, 

acid to remove .mpuri.ies; .1 >• . "" i*™ P^c .t mav be .ran*- 
Silicon carbide crystallizes in Ik « - > l raW K1 £ en to brown or black, 
parent and colourless, or vary in tin so ecific uraV itv is 3-2 It is not 

The latter varieties are most common P d ^ posed bv fusion with 

attacked by acids-even hydro none a d ^ an ,j accord,nyly. 

alkaline hydroxides. It is nearl> a • . t . !v use d as an abrasive powder 

known by the trade name of cat >omn< t . - ' • polishing cloths, etc It is 

and made into whetstones, hones, grind g v ’. ro ir.ictory and has a much 
used for crucibles for melting metals . \* te £ n lv other important crucible 
higher heat conductivity than hrccla) j. ‘ ^ in the form of carborundum 

material used on a large scale). Resistance k » 
rods arc be.ng increasingly used in in.liistr.al furnaces. 

§ 4 Silica, Silicon Dioxide 

Silica is a very common constituent ol the earths crust; some ot 
the ways in which it occurs arc \ an d it is also common 

SSSblng'S't .Uy. l”S’v.ty.lly i — ■>' *■»“ «•*— 

. ys-sr 

•>< ..- <*•= I”-- 

tridymite, and cristobalite. 

Quartz . (trigonal system) terminating in 

Quartz occurs in hexagonal r • r K rystal weighing very nearly 

hexagonal pyramids. A *» n >' J i ,l .veras (U.S.A.). The purest 
one ton has been reported bom ^ ^ co , our | css; they have a 
varieties of quartz—called r<'f . t , ,, to cut p | as s. The crystals 
specific gravity 2-1.1. “"If tr iccs „f various oxides. Thus, manganese 
are sometimes coloured with tra probably owes its colour 

oxide gives amethyst i/nartz. / qu artz owes its opacity 

to the presence of carbonaceous • ‘ b j i>v a i so occurs massive 

to the presence of innumerable a Q , zose sands an d sandstones are 
in quartzite and quartzosc rocks, V, 
also more or less impure quartz. 


Amorphous Silica . 

Amorphous silica occurs in nature associated 


with 3 to 12 per cent. 
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of water in the mineral opal, which may be colourless or tinted yellowish 
brown, etc., with iron oxide, organic matter, etc. Chert, flint, chalce¬ 
dony, and jasper contain more or less amorphous silica associated 
with quartz. The silica of diatomaceous earth is opaline and soluble 
in alkaline carbonate solutions, although the silica in some of the older 
deposits has begun to crystallize as quartz. 

Properties of Silica 

Silica melts to a colourless glass—quartz glass—in the oxyhydrogen 
blowpipe. The melting point of quartz is not well defined. Melting 
commences about IG00°. Silica can be vaporized in the electric 
furnace. The specific gravity of vitreous silica is about 2-22. The 
coefficient of thermal expansion of vitreous quartz is remarkably 
small—nearly 0 0000005—so that quartz glass can be very rapidly 
cooled without cracking. For instance, quartz glass can be heated 
red hot in the blowpipe and plunged in cold water without fracture; 
under the same conditions, ordinary glass—with a coefficient of thermal 
expansion of 0000008—would shatter into small fragments. When 
heated for some time at about 1250°, the vitreous quartz passes into 
the crystalline condition (tridymite), and it will not then bear the 

sudden heating and cooling so well. 

Silica is reduced bv carbon in the electric furnace and forms silicon 
carbide or carborundum (q.v.); it is reduced by magnesium to amor¬ 
phous silicon. Crystalline and vitreous silica appear to be insoluble m 
water and in all acids except hydrofluoric acid. Fused silica is readily 
attacked by phosphoric acid and by the alkalis. Crystalline silica is 
slowly attacked by aqueous solutions of alkaline hydroxides, and 
carbonates, but the amorphous variety is rapidly attacked. Silica is 
also attacked bv superheated water, and a small quantity may pass 
into solution. The necessary conditions seem to prevail in deep-seated 
cavities in the earth. The water rising to the surface is cooled, and the 
pressure reduced. Some of the dissolved silica is then deposited at the 
mouth of the spring as a thick jelly. This afterwards changes into a 
hard white porous mass called gcyseritc. The Great Geyser of Iceland, 
for instance, is surrounded by a large mound or hillock of silica with 
a funnel-like cavity from which the geyser discharges. 

Although chemically inactive at ordinary temperatures, silica acts as 
a powerful acid anhydride at high temperatures, combining with bases 
and many metallic oxides to form more or less fusible silicates. Wnien 
silica is fused with sodium carbonate, the carbon dioxide is expelled 

with effervescence. . . 

The more fusible silicates—e.g., lead silicate—are used in making 
glasses and pottery glazes. Potassium and sodium silicates are soluble 
in water, and the aqueous solution is sold as water glass, and the 
solid as soluble glass. The powerful acid character of silica at high 
temperatures turns on the fact that most of the acid anhydrides— 
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SO P,0- etc.—volatilize at much lower temperatures, and consc- 
quentlv as soon as ever so little, say. sulphur tnox.de is displaced 
the volatile anhydride passes away and 

ciiira for the base. At lower temperatures. Milpnur tnoxicu rapum 
displaces silica from the bases when competing under equal conditions. 

Uses of Silica , . 

In 1839 M. A. Gaudin showed that quartz can be melted and then 

i i ri fi u * f-irt attracted no particular attention until 

worked like glass, but thedactaim js for thc manufacture 

comparatively recent >car yi •■ of C | t . clr i ca | instruments. 

of elastic threads to suspend Ithe M . 1 ; , alld quartzite are 

It is made ...to tubes, flasks. cl , „ ; 1 \ . t-aom-- Sand or sand - 

used for b..ildmg stones sn.uU.u^..«t.et. to. ^ R . frac . 

stone is ground with a httli In t/ ifi „| la . K . d , nto ornaments 

tory bricks etc. Many xarietus 1 • j Uahmitt. kieset- 

and gems. D.atomaceous ear •^f , , () ' poli ,hing powder. 

guhr. or (wrongly) . ^ ^ |u .. lt .‘ ins|l|ating bricks, 

in the manufacture of temt nt.. pharmacy, etc., for the prepara- 

Its absorbent properties are t « lllllM . |)nC! . for dry dressings 

tions of solids saturated witl J. 'f bromine. sulphuric acid, intro- 
for wounds, and for the absor| absorbed in kieselguhr 

glycerol, etc. The product when mtrogtxciroi 

is known as dynamite. building both tor concrete and 

Sand is very extensively e.P>>“'^Hone. of glass and glazes, 
mortar, also for the manufact llt | M ., furnaces. It is also used 

and of silica bricks used in s • lulr ,ii C atioii ol public supplies, 
in the filter beds of waterwork- for tin |»>. I 

§5 The Silicic Acids 

.. . ..line u ids are rathe, indefinite compounds. 
The substances called si lt <)( ,, K . in | lilV e a definite existence, 

and it is not certain which. ■ >• , ( various (possibly hypo- 

But many silicates are known. 'h"'*" 

thetical) silicic acids ,M.dium silicate. Na,SiO ;l ) is acidified 

When a solution ol wat.i gk • a eid separates as a gelatinous 

with hydrochloric acid, some ^ M)h|lion ( |, v drosol) It the solution 
mass (hydrogel) and somi ri ." \ . .. , w|11 a || ri .|naiti in solution along 

be sufficiently dilute, the sill • ( sodium chloride formed 

with the excess of hydrochloric at id. am. 

in the reaction: 

Na 2 Si0 3 + 2HC1 « t SiO, + 2NaCI. 

_ , - . , ‘ , - nd , hc sodium chloride can In- separated from 

I he hydrochloric acid anci u ^ ^ 

the silicic acid by dialysis (page-a-_ colloidal silica can be 

A clear solution containing a per etui. 
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obtained as a hydrosol by dialysis. This solution can be concentrated 
by boiling in a flask until it contains about 14 per cent, of silicic acid. 
The solution so prepared gelatinizes, or assumes the hydrogel condition, 
on standing a few days. The passage of silicic acid from the sol to 
the gel condition is retarded by the presence of a little hydrochloric 
acid, or alkali hydroxide, and is accelerated by a little sodium carbonate. 
If the clear solution of silicic acid be allowed to evaporate in vacuo 
at about 15 c , a clear transparent jelly is obtained which, when dried 
over sulphuric acid, has approximately the composition H 2 SiOj, 
that is, Si0.».H 2 0, and it is called metasilicic acid. An acid of the 
same composition has been made by dehydrating gelatinous silicic 
acid with 90 to 95 per cent, of alcohol. An acid of approximately the 
composition Si0 2 .2H 2 0, that is. H,Si0 4 , and called orthosilicic acid, 
has been made by dehydrating gelatinous silicic acid with absolute 
ether, and drying the amorphous white powder between folds of filter 
paper; the same compound is said to be formed by the action of 
silicon tetrachloride on water Orthosilicic acid loses water on exposure 
to the air. A number of other silicic acids are known, e.g., silico-oxalic 
acid, HO.OSi—SiO.OH ; silico-mesoxalic acid. Si 3 0 2 (0H) 4 ; etc. 

The formation of metallic silicates is well illustrated by a familiar 
experiment —silica garden A large beaker is filled with a solution of 
sodium silicate (sp. gr. M) and crystals ot, say, cobalt nitrate, cadmium 
nitrate, copper sulphate, ferrous sulphate, nickel sulphate, manganese 
sulphate, zinc sulphate, etc., are allowed to fall into the beaker so as 
to rest on different parts of the bottom. The whole is allowed to 
stand overnight in a quiet place, when plant-like shoots appear to 
grow from the crystals, which have a form and colour characteristic 
of the metal used as “ seed." 

Silica Gel 

If a solution of sodium silicate be heated to 100° and decomposed 
by hydrochloric acid, a gelatinous precipitate known as silica gel, 
Si0.,.>/H.>0. is obtained It is also obtained by the action of sodium 
hydrogen sulphate on sodium silicate solution. This substance has a 
remarkable power of absorbing moisture, and it has been used for 
drying the blast in the smelting of iron (page 842). It can also adsorb 
substances from solution and has been applied to the purification of 
petroleum products from sulphur. 


§ 6 The Silicates 

The importance of the silicates, comprising, as they do, so large a 
proportion of the earth's crust, makes the investigation of their constitu¬ 
tion a matter of great interest. They are difficult to investigate by 
chemical methods, since the majority of them appear to exist only in 
the solid state, and the character of the constituent groups is entirely 
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lost in the course of chemical processes To 

silicate industries usually employ the old s>sti J- J_ mp]e 
for the empirical formula; thus writing potash felspar, for example, 

K Formerly,'sUkat;eTwere classified for chemical purposes on the basis 
of a series of hypothetical silicic acids. f v. r iv analysis 

extends continuously throughout a given crystal. 

. . iimvs associated with lour oxygen atoms. 

The silicon atom in the silicates is . • phe way in which these 

tetrahedrally arranged with regard ,i... structure of the particular silicate, 

tetrahedral groups are related determine* tin. r ^ . of M > , to 30.3. 

Some of these possibilities are indicated in the lorm ua 

In the orthosilicate group 
exemplified by olivine (Mg. 

Fe) a Si0 4 and. ireon. ZrSiO,, 
the tetrahedral groups arc 
independent like quadri¬ 
valent acid radicals. The 
oxygen atoms each have 
one negative charge (being 
attached to the silicon by a 
single ** valency ”) and these 
negative charges attract the 
metallic ions of the crystal 
This represents the 
simplest silicate type 
(Fig. 30.1a.) 

It is possible for these 
tetrahedral groups to be¬ 
come linked by their cor¬ 
ners. that is. through two 
groups sharing one oxygen 
atom. 

If two tetrahedra arc 
linked in this way by a single 
corner of * ~ 


x. 





= Silicon o = Oxygen 

I -1 au.I.—Silicate Structures: 1 


his way by a single lho c f|ective valency ol which is six 

-- each, a grouping (Si.O,) t s ^ (| ., u ;1 „ \ lt) Other groups have 

since the linking oxygen atom now • ^ r ..mt.-.l into a ring through the sharing 

k_ _i_l ...1. w-t. tlircf* li 


kUi uvi yjl Lttvii, “ D*-1 ' - , I, 11(1 1 liarifv IIIK- "'’••■■I -■ 

since the linking oxygen atom now • • mU .,| into a ring through the sharing 

been observed in which three tetra a« • (Si.oj whose cllcctive valency 

of three oxygen atoms, thus formmg • ^ ^ ^ ^ utrahedra have been l»uiu 

again six (Fig. 30.1c). Simjlarl) rt . mineral tentloHe. HaliSiaO,. and 

(Fig. 30. 1e). Examples of these a ‘ m \. M)Sct j „f lour tetrahedra (l*ig 30.li>) 
beryl He, Al f Si 4 O l4 . respectively. A r i«»* I 

has also been detected in certain a* * tetrahedra mil be continued in long 
The process of linking the siluon «>•_ oxl .„ eSan< | arnphiboles respectively, 
chains and bands such as are fount . orm r fo corner in a row which extends 

In the chains the tetrahedra are jo j n t | lt . cr ystal there are thus silicon 

indefinitely in both directions ( >k- • - crV stal and bound sideways by the 

oxygen structures extending right ac ro*s > 

positive ions. 
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In the banded structure ol the amphiboles, two of these chains are bound 
together by the sharing of certain oxygen atoms as indicated in Fig. 30.2 g. It 

rXx) 

G 

F. Chain Structure 

Fig. 30.2.—Silicate Structures: II 

is interesting to note that in these two classes of silicate minerals a fibrous struc¬ 
ture is exhibited, as for example in asbestos. 

A further extension of this process of linking tetrahedra. in which three corners 
of each are united, results in the formation of sheets. The simplest and most 
usual arrangement in these sheets is a hexagonal network resulting from the 
indefinite extension in a second direction of the process by which chains arc 
bound into bands as above. This is indicated in Fig. 30.3h. Here each silicon- 
oxygen tetrahedron has three shared and only one free oxygen atom This is 
H the type of structure found in minerals like mica and talc 

which are characterized by the ease with which they can 
be separated into thin leaves. Other ways of forming 
sheets, as. for example, by the production of rings of four 
and eight tetrahedra. are also theoretically possible and 
some of these occur in minerals, though they are not 
common. 

If three-dimensional networks be lormed. the tetra¬ 
hedra arc linked by all three corners so that there are no 
oxygen atoms left carrying charges to attract positive 
ions. I he result is then one of the forms of silica itself 
(e.g., quartz). In most of the structures already considered 
a certain number of the silicon atoms may be replaced 
by aluminium. Whenever this occurs each tetrahedral 
unit of the framework acquires a resultant negative 
charge, on account of the lower valency (fewer outer-ring 
electrons) of aluminium, and metallic ions arc then in¬ 
corporated into the interstices of the structure. The 
Fig. 30.3. felspars are examples of this arrangement. 

Silicate Structures; III 1 be silicates thus, for the most part, form crystals 
„ . „ which are not to be thought of as loose aggregations of 

simple molecules but as giant-nwIccuUs in which the whole mass is bound by 
chemical linkages, which extend to the limits of the crystal. The in fusibility and 
insolubility of the silicates is presumably the result of these structures. 




G. Band Structure 


Weathering of' Hocks 

Rocks generally show striking differences in behaviour when exposed 
for long periods of time; some remain hard and firm, others crumble to 
powder in a comparatively short time. Many ancient Egyptian and 
Grecian monuments show but slight symptoms of decay, whereas in 
other countries buildings made from apparently similar rocks soon 
deteriorate and are saved from only by a continued 
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system of renovation. Calcareous building stones—e.g., the Houses 
of Parliament (London)—decay comparatively quickly when exposed 
to the acidic vapours which occur in the atmospheres of towns. \\ hen 
potash felspar and many other natural alumino-silicates are exposed 
to certain natural influences, they are finally converted into insoluble 
white crystalline or amorphous (colloidal) powder clay, and other 
materials. 


Formation of Clays 

The early stages of the decomposition—weathering—of the fclspathic 
rocks is indicated by the apparent clouding of the crystals of fel>par, 
the felspar becomes more and more opaque, and finally disintegrates. 
The decomposition of silicate rocks exposed to weathering agents 
apparently furnishes colloidal silica—e.g.. opal—and one of the last 
stages in the decomposition of felspar, and many other alumino¬ 
silicates, is clay. Consequently, the weathering of the alumino¬ 
silicates furnishes clay in a more or less colloida condition granitic 
rocks, with felspar as a matrix, disintegrate ami leave behind the cla\ 
mixed with the more or less replant varieties "I mica quart/, and 
other minerals which originally formed the granitic rock 1 he more 
important agents which facilitate the decomposition am < Mn t-gra io 
—weathering—of the aluminosilicates are: ( I \olcanic gase> Meam. 
hydrofluoric acid vapom>. etc.). (2) Water draining Irom P™t bo^ 
and coal beds. This water contains organic acids in solution 3) . pnn* 
or rain water containing carbon dioxide, etc., m u ion. < c 
derived from the decomposition of the nwk- an pat . 1 • , 

the soil, and partly transformed into carbonate**; tin 


alicic acid is 

partly carried to the sea where it is u.ih/ed i<ir building up the skeletons 

lll( j p.iitIv retained on laml where it unites with 

basic minerals formin 


be 


of various organisms, ami partly retaim 

steatite, vrrpeiltllie. etc. 1 Me t ia\ ”»«> 

iuii * ( ....... in kin the place where it was formed. 

leached by streams of water trom u.» i y 

J .anti deposited at lower levels. AH kind* O 

soiN. etc., over which the clays are carried 


transported from tin* hill 
debris from the rocks am 
may be transported along with the cla\. 

Transported clays are usually, but m»t a uu\? 
residual primary clays, file re>idual c 
of the less ferruginous granitic rock 


less pure than the 
ays tornud by the weathering 
after an elaborate process of 
very nearly 


111U less 1C II uglliwiia . , , ...» ; i I... ........ . r V 

washing and smiling, tmt* *!>*£«*• "l‘ l.v .. oii.-J. 

.. I In* di'in,i..gr.itgd 


lie, | JS called ihin<t «/<fV a 

nnweat here*I felspar is called 


called ** kaolin." generally out 
granite from which china clay i* wa- 

less disintegrated variety with more i. . n senirate 

Cornish stone. The object of washing <l>- < hm.. cla> rock is to separate 

the china clay from the unwe.itlu red .jiiai t/. 1 , m ; K * uro 0i 

The term clay is appli<‘l | ! l, . , J , . , V«nlS’U“ (I life plastic enough to 
various minera s which has Hum quaim . ir : i mt ., 

be moulded when it is wet; (2) it reta.ns jts sl.a|>e when .l.ied ... sp.tc 
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of a certain amount of contraction; and (3) when the moulded mass 
is heated to a. high enough temperature it sinters together, forming a 
hard coherent mass without losing its original contour. These proper¬ 
ties have given clays a most important place—probably third or fourth 
—in the world's industries. Clays are used in the manfuacture of 
building bricks, tiles, firebricks, crucibles, gas retorts, sanitary goods, 
pottery, etc.; china clay is also extensively employed for filling paper, 
cotton, etc. Fuller's earth is a kind of non-plastic clay which disinte¬ 
grates to a fine powder when placed in water. The washed powder 
was once used for “ fulling ” cloth—hence the name. It is now largely 
used for clarifying and deodorizing oils, etc. In this respect, it behaves 
like charcoal on coloured solutions. 

Pottery and Bricks 

British pottery is generally made from an intimate mixture of white¬ 
burning clay, with flint or quartz, and felspar or Cornish stone. The 
mixture is made into a slip (slurry) with water; sieved; and partly 
de-watered by filter press or other convenient method, so as to form 
a plastic mass. The mixture is moulded into the desired shape, dried, 
and fired between 1000° and 1200° according to the kind of ware being 
made. This forms the so-called “ biscuit " body. A fusible mixture 
—containing lead boro-silicate, clay, felspar, etc., ground together to 
form a “ slip ” with water—is then spread over the surface of the 
“ biscuit body,” and the whole is refired to 900° or 1000°. The melted 
mixture covers the surface of the " body ” with a glassy film or ” glaze.” 
There are many modifications. The ware may be decorated by painting 
coloured oxides on the biscuit body before glazing; or by painting fusible 
enamels on the glaze and refiring; or the glaze itself may be coloured 
with suitable oxides. Glaze and body may be fired in one operation 
with or without a preliminary baking of the body. There are also 
considerable variations in the composition of the body and glaze. 
The chief varieties of pottery are earthenware —made from white- 
burning clays, Cornish stone, and flint; vitreous ware, and iron-stone 

made from a similar mixture but containing more fluxes and fired 
at a higher temperature; hard porcelain —made from clays, felspar, 
and quartz—with or without a little lime; hone china —made from 
bone ash, clay, and Cornish stone; soft porcelain —made from a 
calcareous marl and glassy frit; parians —made from a mixture of 
felspar and clay; and the commoner varieties of pottery— terra-cotta 
ware, etc.—made from special mixtures—often local clays glazed with 
a mixture containing galena, etc. There are all grades of porosity 
varying by insensible gradations from translucent glassy porcelain to 
the most porous terra-cotta. No satisfactory basis of classification has 
been devised. Dram pipes are also made from local clays, which bum 
a buff or red colour, and glazed bv throwing salt into the kiln. The 
salt decrepitates, volatilizes, and the vapours attack the surface of the 
clayware. covering it with a glass-like skin— salt glaze. Tobacco pipes 
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(unglazed) are made from siliceous clays, that is, trom clays containing 
more or less finely divided silica. Firebricks are made from refractory 
clavs which soften at about 1580=. The refractory clay is moulded by 
hand or machinery, and fired to about 1100°-1200'. Common 
bricks are usually made from less refractory clays fired at a low 

temperature. 

Ultramarine , 

Ultramarine or lapis lazuli—the sapphire of the Bible—occurs in 
nature as a blue, green, or violet-coloured mixture of crystalline 
minerals the most important of which is lazunte (not lazultle). i 
considered to be a silicate of aluminium and sodium with some corn- 
S sulphur- but its constitution is by no means understood 
Artificial ultramarine is a blue pigment made bv calc'ning a mix ure 

dir. i in- r . t :| *k , , nass has acquired the 

of hydrogen sulphi* I. « o..-d W »™£j * 

ixisr'svs . 

artificial product which is but onc-hfth the price. 


solidified undercooled solution of several 

Si h^-Usr^ 

by fusing together a a ^d itS ge orVd leaTinShe 

lime, sodium or potassium carbonnate, arm lujmrge^ ^ Si . u . mum arc 

right Proportions. Trace. ^ « cllow or ting , due to the 

sometimes added to ' r -'" • M impurity in the ingredients 

presence of ferrous or ferric oxid , I ^ ^ mc ,{ t . tl m fin-clay pot-, and 

used in making the glass. lh • temperature a portion 

when the molten mass has coolec to e right u mg ratu. ^ 

is collected at the end of an n „ j nto the tube and twisting 

shape by forcing it into a mould.or bluing mto ^ tho 

or swinging the »» c n *^ f u lur objects being made. Kapidly 
procedure vary with tlje ' , . f . ' hence the glass is annealed 
cooled glass is brittle and £ sklwly as desired If 

in an annealing kiln where it can be cooicu *- > 

cooled too slowly the glass ( evi r . ■ • ' ^ b c compared 

It has been said that ^ ^^ is so commoi'i and 

with glass in point of sfehV "Tit ,unique qualities It is 

so cheap that we are apt to b 1 ^ can ' )L , rca dily coloured 

durable, transparent, and easily 1 - polish ; and. while 

n aai s -x ....“>• 
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shape which it retains permanently when cold, it is an indispensable 
agent in most of the experimental sciences—chemistry, physics, 
astronomy, etc.—and it is difficult to imagine how many operations 
could be carried on without its aid. Without glass we should be more 
than centuries behind in astronomy, bacteriology, and biology.' 
Window glass is a soda-lime silicate. This type of glass is sometimes 
called " soda-glass " or “ soft glass,” and it is used for making chemical 
glass ware. Window glass, plate glass, and glass for table ware and 
bottles are also made from the same constituents in different propor¬ 
tions and of different degrees of purity. Bohemian glass is a potash- 
lime silicate. It is a hard glass and fuses only at a high temperature, 
hence it is used for making chemical apparatus designed to withstand 
high temperatures: gauge-tubes for boilers, etc. It also resists the 
solvent action of water better than soda-glass. Jeiui glass is a variety 
of potash-lime glass. Flint glass is a lead-potash silicate It is lustrous, 
and refracts light much better than other types ot glass. It is used 
for making lenses for optical purposes. Some varieties are made into 
artificial gems and ornamental glass. ( in glass is a variety of lead glass 
which is ground or “ cut ” on emery or carborundum wheels. Beside 
these special admixtures, metallic oxides may be added to colour the 
glass. Translucent or white glass is made by the addition of bone ash. 
or fluorspar, or cryolite. Boric acid is also used in the manufacture of 
glass with a high refractive index for optical purposes and for certain 
kinds of chemical apparatus, known as boro-silicate glass. 

Of recent years glass containing a high percentage of silica (e.g., 
Pvrex. Monax) and which, in consequence, is very resistant to heat 
(and to sudden changes of temperature), has come into increasing use 
both for laboratory and oven ware. Pvrex glass, for example, contains 
approximately SO per cent, of silica 


§ 7 Silicon Halides 

Silicon forms a number of compounds with the halogens of which 
the most important are: 

Silicon tctrafluoride, SiP 4 , 
and Silicon tetrachloride. SiCl 4 . 

ol the others, silicon hexachlonde. Si 2 Cl 6 , sihco-chlorolorm, SiHCl 3 , 
and compounds of the formulae Si.,F c . Si.,t\. SiBr 4 . Si 2 Br 6 SiHBr.,, 
Sil t , Si.,I,;. SillI ;| . have been described, as well as several oxychlorides. 

Silicon Tctrafluoride, or Tetrafluosilicomethane, SiF 4 

This gaseous compound is important. It was discovered by K. W. 
Scheele in 1771 It was afterwards made by J. Priestley, and its 
composition determined bv |. L. Gav-Lussac and J. Thenard. 1808. 
J Davy. 1812; and J j. Berzelius. 1824. Silicon tctrafluoride is 
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made by the direct action of fluorine on amorphous silicon, and also 
by the action of hydrofluoric acid upon silica or on a silicate—e.g., glass: 

Si0 2 4- 4HF = SiF, + 2H,0. 



Hydrofluosilicic acid, GLSiF c 

If silicon tctrafluoride be passed into water, it decomposes ge at.nous 
silicic acid is precipitated, and hydrogen lluorule is formed. The 

fe&d" 0 ^: 

The reactions may be written . 

SiF. + 4H,0 = Si(OH), + 211. : Fj 
SiF, + H.F, = HgSiF, 

or, combined in one equation, 

3SiF, + 4H a O = Si(OH), -r 2H.SiF 6 . 

j » . „ f!ll . /'Iiokin*' of the delivery tube by the separation 

In order to present tlu chok ng ick , is pas sed into water, it is 

of silicic acid when the silicon t » mercury </ Fig. 30 . 4 . 

well to let the delivery tube d.pbelou a l.UU ^ 

placed at the bottom ol the ‘ channels ol silicic acid 

frequently stirred to prc\cnt the ;ltm „ s ,,here without coming 

through which the gas can escape ...«<• of making hydro- 

m contact with the water. | ms ■ tlle aqueous solution 

fluosilicic acid. The silicic * * he concentred very much 

by filtration ; the into silicon te.rafluoride and 

by evaporation because it <iu I 

hydrogen fluoride. 1)lue |j, nl „ s . and it is neutralized by 

Hydrofluosilicic acid L' j| ic at cs Most of the lluosilicates are 

the bases forming safls f j an(1 barium lluosilicates are 

fairly soluble in water, but the potassium 
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dissolved with difficulty. Hence the use of hydrofluosilicic acid in 
testing for barium salts, and in the estimation of potassium. Hydro¬ 
fluosilicic acid is used for giving wood a stone-like surface. The wood 
is first soaked in lime water and then treated with hydrofluosilicic acid. 
The acid is also used as an antiseptic in medicine. 

Silicon tetrachloride, tetrachlorosilicomethane, SiCl 4 , can be made 
by heating silicon, ferrosilicon, silicon carbide, or an intimate mixture 
of carbon and silica in a stream of chlorine: 

Si0 2 + 2C + 2C1 2 = SiCl 4 + 2CO. 

The liquid which condenses can be freed from the excess of chlorine 
by shaking it with mercury, and redistilling. The colourless fuming 
liquid so obtained fumes in moist air. It has a vapour density and 
composition corresponding with SiCl 4 . Silicon tetrachloride boils at 
57-57° and freezes at -70°; carbon tetrachloride boils at 76-8° and 
freezes at -23°. Silicon tetrachloride is decomposed by water into 
silicic and hydrochloric acids: 

SiCl 4 + 3H 2 0 = H 2 Si0 3 4 4HC1. 

This behaviour is in marked contrast to that of carbon tetrachloride (page 377) 
which docs not react with water. This is explained as a consequence of the co¬ 
valency maximum for carbon being four, while for silicon it is six, so that water 
can attach itself to the silicon atom of silicon tetrachloride (the oxygen acting as 
donor). A hydrogen atom from the water and a chlorine atom from the chloride 
arc then eliminated, the position occupied by the chlorine being taken by 2 
hydroxyl group. This process can then be repeated until hydrolysis is complete. 
But the carbon atom cannot attach a water molecule since it has already reached 
its maximum covalency; consequently no hydrolysis occurs. 

§ 8 Germanium, Ge 

Germanium was discovered in 1880 by Winkler in a silver mineral argyrodUe 
from Saxony, as a result of an apparent discrepancy in the results of his analysis 
of this mineral. For long germanium was very rare, but recently it has been 
found to the extent of up to 1 per cent, in the ashes of certain coals, and also the 
mineral getmaniit, discovered in S.W. Africa in 1916, contains up to 5 per cent, 
of the element, Germanium is the eka-silicon of Mendel<*ef (cf. page 122). 

Germanium is a greyish-white, brittle metal which gives rise to two series of 
compounds in which it is respectively hi- and quadrivalent. 

The compounds corresponding with bivalent germanium, being covalent, 
resemble those ol silicon and carbon ; and compounds corresponding.with quadri¬ 
valent germanium resemble tin and titanium compounds. The analysts and 
vapour density of germanium tetrachloride correspond with an atomic weight 
72 0 (oxygen = 10). This number agrees roughly with the atomic weight ealeu 
lated from the specific heat 0 08 by Dulong and Petit's rule. 

§ 9 Tin, Sn 

History 

Discoveries of tin in Egyptian tombs show that the metal was fairly 
common in olden times. It is not certain if the Hebrew word " bedil " 
in the Pentateuch, translated by the Greek word Kacratrepos ( cassi - 
tcros), and by the Latin word stannum, really means tin. The word 
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'• stannum " appears to have been used by the Romans to designate 
certain alloys containing lead. It is not certain whether the Phoeni¬ 
cians obtained their tin from the East, Britain, or Iberia. The 
resemblance between the Sanscrit word " castira " and the Greek 
cassiteros " has been used as an argument in favour of the Eastern 
origin of Phoenician tin. Pliny states that " cassiteron " was obtained 
from '• Cassiterides [British Isles) in the Atlantic Ocean. Ibis no 
doubt refers to the tin then obtained from the Cornish mines, for 
" certain islands north ol Spain " were often referred to as the ms.dae 
cassiterides —tin islands. The Romans appear to have distinguished 
lead from tin by calling lead "plumbum nigrum, and tin plumbum 
candidum.” The word " stannum " was later restricted to tin proper. 

Occurrence 

There are several reports of the occurrence of metallic tin in nature- 
in Bohemia, Bolivia. New South Wales, Nigeria—but tinstone or 
cassiterite is the sole source of commercial tin This mineral occurs in 
tetragonal crystals coloured brown or black by in.,.unties, chiefly iron. 
Cassiterite i7 stannic oxide. SnO* contaminated with more or less 
arsenical pyrites copper pyrites, tungstates, and various metallic 
sulphides. 7 l<k/c tin or van 'm i, cassiterite wh.ch « from 

veins or lodes in primary deposits ; while stream tin is cassiterite 

from alluvia, secondary de.-i*^ 

gu?sh S it frimThe meUl which is called white tin The complex sulphide 
guisn it irom ine mil sulnhide of copper, tin. iron, and 

ore, stannite. or Un fynhs .. * * “?^ Abo \> one .third of the 

world’s output of ^Jih'titr TiiVis Lo produced in the Malay 

Banca) m Bolivia. Nigeria. Australia. CornwaU. 

South Africa abundant than its extensive use 

woulcS^rrotdlcat' it Is considerably abundant, in fact, than 
titanium, which is often thought of as a scarce element. 


Extraction . .• < rom jt s ore, the metallurgy of tin, is 

The method of ex rJt ■- doubt, to the simplicity of the ore— 
comparatively snnpk. ow ng. n cl washing away the earthy 

black tin. The ore is first conccntrateti to Vo-enables 

impurities. I he high . trouble as in the case of washing gold 

this to be done without niucl k ,, , ith stream tin; 

(el. page (041 Tl» cru.hed 

,b “ 



728 MODERN INORGANIC CHEMISTRY [Chap. 

calcined ore through the intense magnetic field of an “ electro-magnetic 
separator.” 

The extraction of tin from the concentrates, as they are called, 
involves the reduction of the ore in a blast furnace or in a reverberatory 
furnace. To do this, the “ concentrated ” ore—tinstone—is heated 
with coal in, say, a reverberatory furnace. The oxide is reduced: 

Sn0 2 + 2C = 2CO -f Sn. 

The molten tin which collects on the bottom of the furnace is drawn 
off and cast into ingots or blocks—block tin—which contain about 
99*5 per cent, of metallic tin. The slag obtained in this operation is 
also worked up to recover the 20 to 40 per cent, of metal it contains. 

Refining Tin 

Tin is refined by heating it, at a temperature as little as possible 
above the melting point of the metal, on the sloping hearth of a rever¬ 
beratory furnace. The tin flows down the hearth and leaves the 
oxidized metallic impurities as ” refinery dross ” behind. This tin 
may be further purified by stirring the molten metal with a billet of 
wood. The metal is agitated by the bubbling of the rising gases, and 
this continually exposes fresh portions of the molten metal to the 
oxidizing action of the air. The impurities which collect on the surface 
as a " dross ” are skimmed off. The refinery drosses containing a large 
percentage of tin are resmelted with the ore. 

The recovery of tin from old tinplate and other scrap materials is 
an important process and is carried out by treating the scrap material 
(after washing with alkali to remove grease, etc., and heating to melt 
off solder) with chlorine in a closed iron cylinder. Volatile stannic 
chloride is formed which is sometimes converted into the hydrate 
SnCl 4 .5H 2 0, which finds a use in the silk industry, etc. The iron 
scrap remaining is smelted in an open-hearth furnace. 

Electrolytic recovery processes are now being developed. The scrap 
tinplate is made the anode of a cell, using sodium cyanide as electrolyte. 
Spongy tin is deposited on the steel cathode. 


§ 10 Properties of Tin 

Tin ;s a white lustrous metal with a pale blue tinge. The metal 
retains its lustre unimpaired by exposure to air. The metal is soft 
enough to be cut with a knife, hut it is harder than lead, and not so 
hard as zinc. Tin is very ductile, for it can be beaten into foil—tinfoil 
—0 01 to 0*1 mm. thick, and drawn into wire. The ductility of tin is 
greatest at about 100"; at 200 the metal is brittle enough to be 
powdered. If a bar of tin be bent, it emits a low crackling noise— 
— M tin cry ”—said to be due to the rubbing of the crystal faces upon 
one another. 

Tin melts at 232 and boils at 2200°; a perceptible volatilization 
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occurs at 1200°. Tin exists in three allotropic forms. As ordinarily 

obtained it forms tetragonal crystals; but the brittle tin mentioned 

above is rhombic. Tetragonal tin passes into rhombic at about 1 1 0 , 

which is the transition point of the two forms. 

When cooled to a low temperature, tin crumbles to a grey friable 

powder. Several cases have been reported where tin, during an 

exceptionally cold winter, has crumbled to powder; for instance. A. L. 

Erdmann (1851) noticed some tin organ-pipes in the church at Zeitz 

crumbled to powder; and later, the tin buttons of some military 

uniforms were found to have crumbled to powder while in the depot 

during a cold winter. The " disease ” is called the tin pest. I he 

afflicted tin first tarnishes, then shows taint radiating formations, and 

then wart-like formations, and finally the metal crumbles to a grey 

pulverulent mass. The afflicted metal contains two kinds of tin-the 

one, ordinary white bright tin; and the other gre>. dull, puherulent 

tin Grey tin appears to be a third modification of the element 

The transition temperature is IS-. Hence excepting ... warm 

weather, all ordinary white tin is in a metastable condition, hut as 

E. Cohen has pointed out. the -peed of the transformation «v^oi 

at ordinary temperatures. The transformation proceeds with a 

^ i .is especially if tin* tin be* in contact with an 

maximum velocity at - ■** . i>ptviau> " " , 1Iini , ntnr *< 

»«!• i .• * / .. , - tl i. •* fV|i.i t ,sn( 1... At lowei temperature:*, 

alcoholic solution of pink salt. *» . f ()r if 

, ... *i .... i,I lie disease is contagious, ior n 

the velocitv attain slows down. i u , •« i , 

a piece of tin which has already commenced to change be allowed to 
remain In contact with a piece of ordinary while tin. the unchanged 

tin is more quickly affected with the < , * i ‘** c * .. temperatures 

Tin is not attacked eithei by water or air at oidinarv umpt ratun» 
• i , , 1 1 lu'iiee its used as a protective covering, 

either separately or g» l„ tween Idtin and ItitNi . burning 

It takes hre when heate.l ... .... - " (lir , vtlv with chlorine 

evith a white flame to stannH ox. e I ^ with hvdrochloric 

S^dS.Tr $$tithV ho, concentrated acid, forming solu- 

tions of stannous chloride. 

Sn + 21 H I - SnCl a + H 2 . 

.... . . . ..ft irked l>\ cold sulphuric acid, but the hot. 

I.n is but skmly attack. > stam hc sulphate and 

concentrated acid attacks tin "ictai. h i 

sulphur dioxide: _ , 

Sn + 4H..SO, Sn(SO,),. + - s °-- + 411 -° 

, • i ,1 tiUlll( L ,.,ii the temperature and concen- 

tJKZirwr'SJ. very dilute nitric acid, stannous nitrate 

4Sn + IttHNO., - 4Sn(NO;,) s + 3H...0 + NH ,NO.,. 

• mtr-ite SnfNO,).. With nitric acid of 
with possibly a little stain... n • • < c( • jous ar ,. evolved, 

moderate concentration (< g-. 1 V u . j ratctl oxide, metastannu acid. 
and a bulky white precipitate ol a njoiauu o.x. 
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separates. Highly concentrated or pure nitric acid is almost without 
action on tin. Boiling concentrated alkali hydroxide solutions slowly 
attack tin, forming solutions of stannates, e.g.: 

Sn + 2KOH -I- H 2 0 = K t Sn0 3 + 2H a . 

§ 11 Uses of Tin 

The most extensive use ot tin is in the manufacture of tinplate. 
Thin sheets of iron or mild steel are “ pickled ” by dipping in dilute 
acid to remove oxide, etc., and are then passed into a bath of molten 
tin on the surface of which floats a flux such as rosin, zinc chloride, etc. 

Tin is also a constituent of many useful alloys, e.g., solder, pewter, 
type metal, bronze (page fill), bearing metal, and Britannia metal. 

Ordinary fine solder consists of 33 per cent, lead and 66 per cent, tin; 
common solder contains equal parts of lead and tin. Pewter contains 
75 per cent, of tin and 25 per cent, of lead. Type metal has 75 per cent, 
of lead, 5 per cent, of tin, and 20 per cent, of antimony. A typical 
bearing metal, such as is used in locomotives, contains 82 per cent, of 
tin, 14 per cent, of antimony and 4 per cent, of copper. Britannia 
metal, a somewhat similar alloy, has 93 per cent, of tin, 5 per cent, of 
antimony, and 2 per cent, of copper. 

A white, coarsely crystalline mass known as phosphor tin is obtained 
by adding phosphorus to molten tin. It is used for the manufacture 
of phosphor-bronze (page 611). 


§ 12 Atomic Weight of Tin 

The vapour density ot the volatile compounds of tin, observations 
on the isomorphism of stannic and titanic oxides, and the specific heat 
of tin (0055) indicate a number round about 119 for the atomic weight. 

The exact value of the combining weight has been determined from 
analysis or synthesis of the oxide, chloride, potassium and ammonium 
stannichlorides; and by the separation of tin from stannic chloride by 
electrolysis The value recommended at present (1949) by the Inter¬ 
national Committee is 118*7, and is based on the work of Briscoe 
(1915) who determined the ratio SnCl 4 :4Ag by breaking bulbs of 
specially purified stannic chloride in a solution of silver in nitric acid. 


§ 13 Oxides and Hydroxides of Tin. Stannic Acids 

Tin forms two oxides, viz.. 

Stannous oxide, SnO, 

Stannic oxide. Sn0 2 , 

and corresponding to them are two series of tin compounds, the 
stannous and the stannic. 
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Stannous Oxide, SnO 

Stannous oxide can be made by heating stannous oxalate: 

SnC 2 0 4 = SnO + CO + C0 2 , 

or by careful heating of stannous hydroxide, Sn(OH) 2 , in a stream of 
carbon dioxide. Stannous hydroxide is precipitated on the addition 
of alkalis to a solution of stannous chloride (excess being avoided): 

SnCL + 2NaOH = Sn(OH) 2 -f 2NaCl 
Sn(OH) 2 = SnO 4- H 2 0. 

Stannous oxide is a brown or dark-grey powder which bums in air 
to stannic oxide. It reacts with acids forming st^nous salts and 

also with alkalis, forming stanmUs which are re 6' ir ^f ^ ^ 

stannous acid, H.SnO... i.e., of stannous hydroxide reacting as an acid. 

Stannic Hydroxide 

Stannic hydroxide is precipitated by ammonia alkali hydroxides 
(not in excess), carbonates, etc., from solutions of stannic salts, c.g. 

SnCl 4 + 4KOH = Sn(OH) 4 + 4KC1. 

It is also formed by hydrolysis of stannic chloride in water: 

SnCl 4 + 4H.O = Sn(OH) 4 + 4HCI, 

and when a solution of stannous chloride 

in this case, stannic chloride is firs, formed and then hydrolysed. 
2SnCl 2 + O a + 6H a O = 2Sn(OH) 4 + 4HU. 

If the precipitate obtain^ in these- ways be dried », -t^the 
empirical composition H^nO, or (\ ^ ition is H .SnO, or 

ft™ £ reg.rlied aa orlhostannic acid and the 

latter as metastannic acid made by heating solutions 

Stannates such as K.SnOj .m^U.^an ^ ^. (fom a<lucolls 

of stannic chloride and alkali ta . • • u SnO, is precipi- 

solutions of these stannates. a metastannic acid. pr P 

tated by carbon dioxide | 3). stannic hydroxide 

When tin is heated with su j.,h U ric P acid. also has the empirical 

f for 7 e H^n'o 'LtThe stannic acids formed by these two processes 
formula H 2 Sn0 3 . but the m reagents. For convenience, 

differ in their behaviour towar i^ so ^ ltjons o( sta nnic chloride 
the acid formed by the action b the action of nitric acid on 

is called the <x-acid, and that p Y differences between the 

the metal is known as the fJ-acid. »me_o. ^ 

two metastannic acids arcindic.icc ^ ^ and 'alkali carbonates, and 
Both varieties d'sSoKe u - ‘ ^ ^ , Q rctain the properties 

when reprecipitated by ac os (j-acid bo bojletl for a long 

22 I’tS.S acid, or concentrated atkat, 



732 


MODERN INORGANIC CHEMISTRY 


fChap. 


Table L.—Properties of 

THE METASTANNIC ACIDS 

a-Metastannic acid 

0-Metastannic acid 

Salts dissolve in water easily and are 
not decomposed. More basic than 
the {5-acid. 

When moist, dissolves readily in nitric 
acid. 

Soluble in dilute sulphuric acid and the 
solution does not gelatinize when 
boiled. 

Easily soluble in hydrochloric and the 
solution remains clear when boiled. 

Salts dissolve in water with difficulty 
and form insoluble basic salts and 
free acid. Less basic than the a-acid. 

Insoluble in nitric acid. 

Insoluble in sulphuric acid even if con¬ 
centrated. 

Unites with hydrochloric acid forming 
a substance insoluble in acid but 
soluble in water. The aqueous 
solution gelatinizes when boiled. 


hydroxide solution, it is gradually converted into the a-acid; and, 
conversely, the a-acid is gradually changed into the 3-acid at ordinary 
temperatures and more rapidly on boiling with water. 

An explanation of the difference between the two acids is not known 
with certainty; but it is supposed that the 3-acid is a polymerized 
form—(H 2 Sn0 3 ) 5 —of the a-acid—H 2 Sn0 3 . 

The idea is growing in some quarters that the difference is only one 
of size of grain and that there are not two definite and distinct acids. 
It is difficult to reconcile this view, however, with the observation that 
the differences persist after solution in caustic alkali and reprecipitation. 

Sodium stannate, Na 2 Sn0 3 .3H 2 0, is made commercially by fusing 
tin with a mixture of caustic soda, sodium nitrate and sodium chloride. 
It is a white crystalline substance, containing 3 molecules of water, 
and is used as a mordant in calico-printing under the name of preparing 
salts. 

Stannic oxide, Sn0 2 , occurs in nature and is the principal ore of 
tin. It crystallizes in three different forms and is iso-trimorphous 
with the corresponding titanium compound (q.v.). It is formed by 
heating tin in air, or by calcining the stannic acids. It is a white 
powder which is unattacked by acids except concentrated sulphuric 
with which it reacts, forming a solution which may contain stannic 
sulphate, Sn(SO,) 3 . On dilution, the oxide is reprecipitated. It also 
reacts with solutions of alkali hydroxides, forming stannates: 

Sn0 2 + 2KOH = K 2 Sn0 3 -f H 2 0. 

Stannic oxide is used in making white glazes for tiles, and for milk- 
glass articles such as electric-light shades. 

§ 14 Salts of Tin 

Tin forms two series of salts, correspo iding to the two oxides, known, 
as the stannous salts and the stannic salts respectively. StanniCj 
oxide is a very weak base indeed, and in the quadrivalent state tin 
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forms compounds resembling those of a non-metal; e.g.. stannic 
chloride is a liquid, readily hydrolysed by water. 


Stannous Chloride, SnCI, 


Stannous chloride can be prepared by the action of hydrochloric 
acid on tin; the solution on evaporation deposits monoclinic crystals 
of the dihydrate, SnCl 2 .2H.,0. known as tin salt \Y hen dried in vacuo, 
the anhydrous salt is formed ; the anhydrous salt also results when tin 
is heated in a stream of hydrogen chloride, and also by heating a 
mixture of metallic tin and mercuric chloride, when the mercury 
volatilizes, and the stannous chloride remains: 


Sn + HgCl 2 = SnCI 2 + Hg. 

Stannous chloride dissolves in water, without noticeable change, if 
only a small quantity is used; with excess of water, hydrolysis occurs 
and a basic chloride is precipitated: 

SnCI, 4- H 2 0 ^ Sn(OH)CI + HC1. 

The precipitate redissolves on addition of hydrochloric acid. Solutions 
of alkali hydroxides precipitate stannous hydroxide which redissolves 

^ Itannous’chlondt^is'a'powertul reducing agent, and readily combines 
with oxygen or chlorine. Thus it reduces mercuric chloride to mer¬ 
curous chloride and. if the action be allowed to continue, to metallic 

mercury. Sna> + 2HgCI. = SnCI, + Hg*Cl, 

Hg.Cl, + SnCI, = SnCI, 4- 2Hg. 

F,mc salts „Kl cup*: »». 

'"- 1 “ * “• 

"SirffiSS. a mordant l„ dyeing. 


Stannic Chloride, SnCI 4 

, r ,. 1 nrnmn'fl bv the action ol chlorine on molten 

jxssuosl u *»? 

.- 

and ultimately stannic acid, an lormet _ 

SnCI. + H,0 ^ Sn(()H)U ; , + HCI 
Sn(OH)CI ;l + 3H f O v* Sn(OH), + »HCI. 

Stannic chloride forms a series ol complex salts the most i««F«rUnt 
of which is ammonium chlorostanmatc, (NH 4 ) 2 SnCl,. used as a mordant 

under the name of pink salt. 
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The Sulphides 

When tinfoil is burned in sulphur vapour, stannous sulphide, SnS, 
is formed. It is precipitated as a brown powder when hydrogen sulphide 
is passed through a solution of a stannous salt. The precipitate becomes 
black on drying. It is soluble in strongly acid solutions, but is reprecipi¬ 
tated on dilution. It is also soluble in alkali and ammonium poly¬ 
sulphides, forming thiostannates, e.g., 

SnS + (NH 4 ) 2 S + S = (NH 4 ) 2 SnS 3 , 

and yellow stannic sulphide is precipitated on acidification. It is 
insoluble in ammonia, ammonium carbonate and colourless ammonium 
sulphide. 

Stannic sulphide, SnS„ is precipitated by passing hydrogen sulphide 
through a (not too strongly acid) solution of a stannic salt. It dis¬ 
solves in alkali sulphides, forming the same thiostannates as above. 
It is insoluble in ammonia and ammonium carbonate. 

On heating a mixture of tin amalgam, ammonium chloride and 
sulphur in a retort, a complex reaction takes place resulting in the 
formation of a mass of yellow scales of stannic sulphide called mosaic 
gold which is used as a pigment. 


§ 15 Detection and Determination of Tin 

Tin is usually recognized in qualitative analysis by the precipitation 
of its sulphides, in acid solution, on passing hydrogen sulphide. They 
are separated from the sulphides of copper, lead, mercury, bismuth 
and cadmium by the action of yellow ammonium sulphide, with 
which they react, forming soluble thiostannates. Arsenic and antimony 
sulphides behave smilarly with this reagent, from which on acidification 
arsenic and antimony pentasulphides, and stannic sulphide are precipi¬ 
tated. These three may be separated as follows. The arsenic is first 
removed by adding solid ammonium carbonate and a few drops of 
water and warming to 40°. After filtering, arsenic pentasulphide is 
precipitated from the filtrate on addition of dilute hydrochloric acid. 
The residue (antimony and tin sulphides) after washing with ammonium 
chloride solution, is warmed to 80° with a little milk of lime. The 
antimony pentasulphide is converted into a yellow solution of calcium 
thioantimonate, while the stannic sulphide becomes hydrated stannic 
oxide. When the precipitate is all colourless, the solution is filtered; 
antimony pentasulphide is precipitated on acidification of the filtrate, 
while thic residue, after solution in warm dilute hydrochloric acid, 
deposits stannic hydroxide as a white gelatinous precipitate on addition 
of ammonium chloride and ammonia. 

Tin is often determined gravimetrically by conversion into stannic 
oxide by the action of nitric acid followed by ignition. This method 
is used for alloys, because the other metals present usually form soluble 
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nitrates. The salts are converted to the stannic condition, and then 
precipitated as stannic hydroxide, which is ignited. 

Volumetrically. tin can be determined by means ol iodine, provided 
it is in the stannous condition. The reaction is sometimes expressed: 

Sn” + 21 = Sn*~ + 21. 


Stannic salts can be determined if they are first reduced to stannous 

bv sav, iron or nickel in acid solution. , 

Tin can also be determined by precipitation with cupferron 
(C H N(NO)ONH.) bv adding a 10 per cent, solution to the cold tin 
solution. It forms a white precipitate which on ignition leaves stannic 
oxide, which is weighed. 


§ 16 Lead, Pb 


History 

Lead was known to the ancient Egyptians. It is mentioned several 
times in the Old Testament. It appears to have been confused with 
tin (qv) and Pliny seems to have distinguished between plumbum 
nierum (black lead) and plumbum album or plumbum candtdum. The 
ancient Romans used lead for making water-pipes, and some lead 
compounds were used as cosmetics, and as paint. 


Occurrence 

Small quantities ol metallic lead are occasionally found in nature. 
In combination with sulphur, lead occurs as the sulphide galena 
PbS. This is the most abundant ore of lead. Commercial lead is 
. ’• i i mn< t pvclusivelv from galena. Lead carbonate, icrussitt, 

PbC0 3 is not uncommon. Lead sulphate. PbS0 4 . occurs as aigesiU: 
, l' mnt p crocoisite PbCrO»; lead molybdate, wulfemte. 1 bMoO,, 
C ^^ 0 SDhate r0 ^Ay phite ,* PbCl 2 .3Pb 3 (P0 4 ) 2 ; lead chloride. 
nilnrkite PbCl Lead ores come from England, United btates, 
J2& Sfat. Sou... Wales. Soa.h America. «c. 


Extraction , . . 

It is usually necessary to concentrate the ore before smelting which 
is effected either by mechanical washing or by flotation or bv a com¬ 
bination of both methods (cf. page 5li2). . 

Two main methods are employed for the extraction of lead, viz.. 

(i) reverberatory furnace smelting, and 

(ii) the blast furnace method. 

The former was for long the main process but the latter is now coming 

ln The C reverberatory furnace process is carried out m two stages, 
i Ln the roaslinz stage and the reaction stage respectively. 

""in "h^SS sfage^the temperature is kept below the melting 


736 MODERN INORGANIC CHEMISTRY fChap. 

point of the charge, and air is admitted so that the part of the sulphide 
is converted into a mixture of oxide and sulphate: 

2PbS + 30.> = 2PbO + 2S0 2 
PbS + 20' = PbSO,. 

In the reaction stage, a higher temperature is employed, the air supply 
is cut off, and the charge melts, lead being formed according to the 
reactions: 

PbS + 2PbO = 3Pb + SOo 
PbS -|- PbSO, = 2Pb -f 2S0g. 

For the blast turnace method, the ore is subjected to a preliminary 
roasting so as to sinter the finely divided ore or concentrate into lumps 
of suitable size; at the same time most ol it is converted into the 
oxide. This is then mixed with fuel and smelted in a small blast furnace, 
reduction of the oxide taking place, mainly brought about by carbon 
and carbon monoxide: but to a lesser extent bv anv surviving lead 
sulphide. 

The lead obtained by these processes usually contains small amounts 
of antimonv, tin, copper, etc., which make it hard and brittle; as well 
as silver in quantity sufficient tc make recovery profitable. Most of 
the impurities can be removed by heating the metal in a shallow, flat- 
bottomed, reverberatory furnace, whereby they are oxidized before 
the lead and rise to the surface as a scum which is skimmed off. 
Electrolytic methods are now being applied to the refining of lead; 
a bath of lead fluosilicate containing some free hydrofluosilicic acid 
being used The silver is usually extracted by Parkes’s process 
(page 625) 

§ 17 Properties of Lead 

Lead is a bluish-grey metal with a bright metallic lustre when 
freshly cut, but the lustre soon disappears in ordinary air. Perfectly 
dry air, and air-free water, have no action on the metal, but if moist 
air be present, or if the metal be immersed in aerated water, lead is 
soon covered with a film, probably an oxide, and this is ultimately 
converted into a basic carbonate. Lead is soft enough to be cut with 
a knife and scratched with the finger nail It leaves a grey streak 
when drawn across paper. Small traces ol impurity—antimony, 
arsenic, copper, zinc —make the lead much harder. Lead is not tough 
enough to be hammered into foil or drawn into wire; but it can be 
pressed into pipes, or rolled into thin sheets or foil. Lead filings under 
a pressure of about 13 tons per square inch lorm a solid block; and 
the metal seems to liquelv under a pressure of about 33 tons per square 
inch. The specific gravity of lead varies from 11-25 to 11-4 according 
as the metal is cast or rolled. Lead melts at 328°. and boils at 1765°. 
When cooled slowly, the molten metal forms a mass of octahedral 
crystals (cubic system). The crystalline nature of the metal is shown 
by the electrolysis of a lead salt. Lead is also deposited as an “ arbores- 
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cent " mass ol crystals—called a “ lead tree ”—when a strip ot iron 
or zinc is suspended in a solution of a lead salt. 

Lead is fairly rapidly dissolved by warm, dilute or moderately con¬ 
centrated nitric acid. Very concentrated nitric acid is almost without 
action. Lead is little affected by dilute hydrochloric, or dilute sulphuric 
acid in the cold, because a crust of insoluble lead chloride or sulphate 
is formed on the surface, and this protects the metal from further action. 
Powdered lead is quickly dissolved by boiling concentrated hydrochloric 
or sulphuric acid with evolution of hydrogen and sulphur dioxide 
respectively. Organic acids—acetic acid (vinegar)—also act as solvents 
for metallic lead. Hence vessels plated with tin containing lead, if used 
for cooking purposes, may contaminate the food with poisonous lead 
compounds. Water containing sulphates and carbonates in solution 
forms a coating on the surface of lead which prevents further action. 
Lead is attacked by water holding air. nitrates, ammonium salts, and 
carbon dioxide in solution. In the latter case, a soluble acid carbonate 
may be formed. All soluble lead salts are poisonous, and if the water 
supply of a town be pure enough to attack lead it may produce lead 
poisoning. To avoid risk, the water is sometimes filtered through 
limestone or chalk since carbonates in the water do not corrode the 
pipes very much. The water then takes up enough carbonates to form 
a film on the interior of the lead pipes which protects the lead from 
further action. 


§ 18 Uses of Lead 

Lead is largely used in the arts on account of the ease with which it 
can be worked, cut, bent, soldered, and on account of its power of 
resisting attack by water and many acids. It is used m the manufacture 
of pipes for conveying water; for the manufacture of sheaths or 
electric wires, sheets for sinks, cisterns, and roofs lead chambers for 
sulphuric acid works, evaporation pans in chemical works, etc. It is 
used in making bullets, shot, accumulator plates etc. Type metal, 
solder, pewter, and fusible alloys contain much ead. Lead is also used 
for the production of leaded steels in which the presence of a small 
quantity of lead has been found to bring about marked improvement 
in the machining properties. 


§ 19 Atomic Weight of Lead 

The atomic weight of lead has been the subject of very many 

investigations on account of the differing values to be expected for it 
mvesugau Thus i ca( | \ s the end product of radio-active 

according t I it atomic weight, according to modern 

derived from the uranium or thorium scries respectively. 

The atomic weight of lead is seen to be* in the neighbourhood of 20/ 
from a coTsiderarion of its specific heat (0 0309) and the vapour 
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density of its volatile compounds. The exact value to be used has 
been deduced from the conversion of highly purified lead chloride into 
silver chloride. For common lead (i.e., from non-radio-active sources) 
the value 207-21 is that adopted by the International Committee. 
Values for the atomic weight of radiogenic lead have been obtained as 
low as 205-93 and as high as 207-92, according to their source, by 
workers such as Richards, Honigschmid and Baxter. 


§ 20 Oxides of Lead 

Five oxides of lead have been described, viz.: 

Lead suboxide, Pb 2 0; 

Lead monoxide, litharge, massicot, PbO; 

Triplumbic tetroxide, red lead, minium, Pb 3 0 4 ; 

Lead sesquioxide, Pb 2 0 3 ; 

Lead dioxide, Pb0 2 . 

Lead suboxide, Pb,0, is said to be formed by heating lead oxalate 
out of contact with air: 

2PbC 2 0 4 = Pb 2 0 + CO + 3C0 2 , 

and also as a dull grey iridescent coating on the surface of lead melted 
at a low temperature. Its existence is still in dispute, but it now* seems 
likely that the product of this reaction is a mixture of litharge and 
metallic lead. (Bircumshaw, 1939.) 

Lead Monoxide, Massicot, Litharge, PbO 

There seem to be two forms o( lead monoxide, know r n as massicot 
and litharge respectively. Litharge is the product when it is made at 
a high temperature so that the product fuses, while massicot results 
when the temperature is kept sufficiently low to prevent melting. 

Lead monoxide can be prepared in the laboratory by heating lead 
nitrate, carbonate, or hydroxide; commercially it is made by heating 
lead to a temperature considerably above its melting point, and con¬ 
tinually removing the litharge produced. 

Litharge varies in colour from pale yellow to reddish yellow, possibly 
owing to the existence of two forms, a yellow and a red. It fuses at 
877° and is volatile at a red heat. It is slightly soluble in water, pro¬ 
bably forming lead hydroxide (q.v.). It reacts with acids, forming 
solutions of lead salts, and also with alkalis forming plumbites, e.g.: 

2NaOH + PbO = Na 2 Pb0 2 -f H 2 0. 

It is thus an amphoteric oxide. 

Litharge is used in preparing oils and varnishes and sometimes in 
the manufacture of Hint glass, although red lead is more often employed 
(page 724). as well as for the preparation of some lead salts. 
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Triplumbic tetroxide, Red Lead, Minium, Pb s 0 4 

Red lead is prepared from massicot—unfused lead monoxide—by 
heating it to a carefully regulated temperature (470 -480 ) for several 
hours. The hot powder acquires a deeper and deeper tint as time goes 
on and appears to become violet and finally black. On cooling, the 

colour changes to a brilliant red. .... r 

On strong heating, red lead decomposes, forming litharge from which 

red lead cannot be reformed: 

2Pb 3 0 4 = OPbO + 0 2 . 

Nitric acid converts red lead into lead nitrate and lead dioxide: 

Pb 3 0 4 + 4HN0 3 = 2Pb(N0 3 ) 2 4- Pb0 2 4- 2H,0, 

which suggests that red lead is plumbous ortho pi untbate, Pb 2 Pb0 4 , a 
view which is supported by its formation from a plumbous salt and a 

Rl NVit^concwitrated hydrochloric acid, lead chloride is formed and 
chlorine is liberated; possibly lead dioxide is formed intermediately: 
Pb,0. + 4HC1 = 2PbCl 2 + Pb0 2 -f 2H 2 0 
Pb0 2 + 4HC1 = PbCl. + Cl, + 2H.O. 

Red lead is used for a variety of purposes. It is employed in the glass 
industry; for making glazes for pottery; as a cement in making 
steam joints, and in the manufacture of paint, and of matches. 

Lead sesquioxide, Pb 2 0 3 . is an orange-yellow powder formed by 
adding a solution of sodium hypochlorite to a cold solution of lead 
oxide in sodium hydroxide solution or by addition of dilute ammonia 
to a solution of red lead in acetic acid (cf. page 744): 

2Pb(ONa). + NaOCI + 2H.0 = Pb 2 0 3 + NaCI + 4NaOH. 

On heating, lead monoxide and oxygen are formed: 

2Pb 2 0 3 = 4PbO -1- O.. 

whilst with acids a lead salt and lead dioxide result. With hydro- 

Ch Lead dioxide! PbO,. is best prepared by adding a solution of bleach¬ 
ing powder to a solution of lead acetate mixed with sodium hydroxide 

and boiling the mixture: 

2 (CH 3 COO) 2 Pb + Ca(OCl), +^0"^ + 4CH ,COONa + 2H,0. 

It is also deposited on the anode when a solution of a lead salt is 
electrolysed, and can be made from red lead by the action of nitric 

aC *Lead dioxide is a chocolate-coloured powder which, when heated, 
decomposes into lead monoxide and oxygen. It is a powerful oxidizing 
aC ent Thus, when lead dioxide is gently rubbed with sulphur on a 
warm surface, the mass inflames; when sulphur dioxide is passed over 
dry lead dioxide, the two unite to form lead sulphate and the whole 
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mass becomes red hot; and when hydrogen sulphide is allowed to 
impinge on a few grams of lead dioxide it bursts into flame. 

Lead dioxide is not affected by dilute acids, but it reacts with cold 
concentrated hydrochloric acid (probably forming lead tetrachloride, 
PbCl 4 , page 744); with hot concentrated hydrochloric acid chlorine is 
evolved. It also reacts with boiling concentrated aqueous potassium 
hydroxide, forming potassium metaplumbate, K 2 Pb0 3 , analogous to the 
metastannates. Lead dioxide does not give hydrogen peroxide with 
acids in any circumstances; hence the name "lead peroxide" is a 
misnomer. 

Lead dioxide is an important constituent of the lead accumulator or 
storage cell. This consists essentially of an electrolytic cell having an 
anode of lead dioxide and a cathode of spongy lead immersed in dilute 
sulphuric acid (about 20 per cent.). In practice, the plates consist 
of grids, made of lead hardened with a little antimony, into which the 
active material has been forced. This construction is adopted so as to 
increase the capacity of the cell and to prevent the active material 
from becoming detached. If the terminals of such a cell be connected 
through a suitable resistance a current will flow. After a time the 
E.M.F. of the cell, originally about two volts, drops rapidly, although 
it is remarkably constant until this point is reached. The cell is then 
said to be discharged; it can be recharged by passing a current through 
it in the reverse direction, from some external source. The mechanism 
of the changes taking place during discharge is believed to be that at 
the positive electrode lead dioxide is converted to lead sulphate thus: 

PbO, + 2H 2 0 ^ Pb"" + 40H' 

Pb" + 2c = Pb" 

Pb" 4- S0 4 " = PbS0 4 
40H' 4- 4H' = 4H 2 0. 

(s representing an electron) 

At the negative electrode the spongy lead is similarly converted into 
lead sulphate with the liberation of two electrons: 

Pb = Pb" 4- 2e, 

Pb" 4- S0 4 " = PbS0 4 . 

These processes are reversible and during charge the reverse actions 
occur so that the complete cell reaction in both directions may be 
written as the sum of these processes at the electrodes, which is. 

discharge 

Pb + PbO, + 2HjSO, ^ 2PbSO, + 2H,0. 

charge 

This mechanism is supported by the lact that the density of the 
electrolyte increases during charge and vice versa, corresponding with 
the formation, or removal, of sulphuric acid from the solution. 

Lead hydroxide, Pb(OH)*. is best made by the addition of a solution 
ot an alkali hydroxide to a lead salt. It is a white solid, which forms 
lead salts with acids; it reacts with excess of alkali, forming solutions 
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of plumbites, e.g., potassium plumbite, KjPb0 2 . It does not react 
with ammonia, and when heated to 145 changes to the oxide. 


§ 21 Lead Salts 

Lead forms compounds in which the element is either bivalent or 
quadrivalent; but few. if any, of the quadrivalent compounds are true 
salts. For example, lead tetrachloride, PbCl 4 (page 744). behaves as 
the acid chloride of plumbic acid. 


Lead Carbonates, White Lead 

Normal lead carbonate, PbC0 3 , occurs native as cerussite; it is 
obtained as a white precipitate when an alkaline bicarbonate is added 
to a solution of a soluble lead salt, such as the nitrate. Solutions of 
normal carbonates give a precipitate of a basic lead carbonate. Several 
basic carbonates of lead are known; the most important is white 
lead. This has been used as a pigment for centuries and its manufacture 
is an important technical operation. Several processes have been 
suggested, but the old so-called “ Dutch ” process is said to furnish 
the best product from the point of view of covering power when used 
as a pigment or in the manufacture of paints. 



Fig. 30.5.—While l.c.ul Stack 


The 44 Dutch M process is illustrated by Fig. 30.5. I Fere is a brick¬ 
work chamber in which is built up a stack. At the bottom .s placed a 
layer of ashes, and then one of spent tan bark "hkh may’ be up to 
three feet thick. On this is placed a row of pots, partly filled with 
dilute acetic acid. On top of these are laid perforated sheets of lead, 
forming a layer about five inches deep, above which is a row of hoards 
whkh serve as the foundation for another tier of bark, pots and lead. 
The temperature of the whole stack is carefully regulated by ventilu- 
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tion and the whole is left to stand for about three months. At the end 
of this time the stack is unloaded and the white lead crushed in a 
mill, any unchanged lumps of lead are removed and the residue of white 
lead is ground up with water. 

The chemical composition is fairly constant and approximates to 
that required by the formula 2PbC0 3 .Pb(OH) 2 and it is probable that 
this is the principal constituent of white lead. 

The actions taking place in the stack are thought to be as follows. 
The tan-bark ferments, which causes some carbon dioxide to be 
evolved, while heat is liberated. The heat volatilizes some of the 
acetic acid which reacts with the lead, forming basic lead acetate. 
This is decomposed by the carbon dioxide, forming a mixture of normal 
lead acetate and basic lead carbonate. The acetate in presence of air 
and moisture reacts with more lead, forming more basic acetate, and 
so the process goes on. These reactions may be represented: 

2Pb 4 2CH 3 COOH + 0 2 = Pb(CH,COO) 2 .Pb(OH) 2 ; 

3(Pb(CH,COO) 2 .Pb(OH) 2 ) + 2C0 2 

= 3Pb(CH 3 COO) 2 4- 2PbC0 3 .Pb(0H) 2 + 2H o 0; 
2 Pb(CH 3 COO ) 2 4 2Pb 4 0 2 4 2H t O = 2[Pb(CH 3 COO) 2 . Pb(OH)J. 

Many attempts have been made to speed up this process, but the 
quality of the products is usually inferior. A chamber process, in which 
the lead straps are slung over sticks resting on arches, the carbon 
dioxide is generated by burning weighed quantities of coke outside the 
chamber and water and acetic acid are evaporated in copper pots and 
introduced with the carbon dioxide through pipes in the floor, is in 
operation and is the only serious rival to the old method. The time 
required here is from forty to sixty days. White lead paint is the most 
satisfactory white pigment from the point ol view of covering power, 
but suffers from the disadvantages that it is discoloured by hydrogen 
sulphide (always liable to occur in the air of towns) through the forma¬ 
tion o 1 1 ,k lead sulphide; and like all lead compounds, it is poisonous. 
Consequently other materials such as zinc oxide, lithopone (page 675), 
etc., are sometimes preferred. 

Lead Chloride, PbCl 2 

'This salt separates as a white curdy precipitate when hydrochloric 
acid or a soluble chloride is added to a solution of a lead salt. It is 
also made by dissolving lead oxide or carbonate in hot hydrochloric 
acid. On cooling, the solution deposits crystals of lead chloride, 
PbCl 2 , which melt at 501 c . The salt is generally said to be fairly 
soluble in hot water, and sparingly soluble in cold water: 100 grams 
ot water at U dissolve 0-07 gram of PbCl 8 ; at 50°, T70 grams; and 
at 100°, 3-34 grams. When lead chloride is heated in air, lead oxy¬ 
chloride, Pb 2 OCl 2 , or PbCL.PbO, is formed. By adding hot limewater 
to a boiling solution ol lead chloride. PbCl 2 Pb0.H 2 0, or Pb(OH)Cl. 
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separates. This compound is used as a white pigment under the 
commercial name " Pattison’s white lead/’ and the pigment “ Cassel’s 
yellow M is a mixture containing one or more oxychlorides of lead, 
approximately 7PbO + PbCl 2 , made by heating lead oxide with 
ammonium chloride. 

Lead iodide, Pbl 2 , forms glittering golden-yellow crystals which, 
like the chloride, are almost insoluble in cold water, but which are 
moderately soluble in hot water. It is interesting to note that the 
solution is colourless. 


Lead Nitrate, Pb(N0 3 ) 2 

Lead nitrate is formed by acting upon the metal, oxide, or carbonate 
with nitric acid. The salt is deposited in regular octahedral crystals 
which contain no water of crystallization. On heating, lead nitrate 
decomposes into litharge, nitrogen peroxide and oxygen, a reaction 
which is sometimes used for the preparation of nitrogen peroxide 

(page 433): 

2Pb(N0 3 ) 2 = 2PbO + 2N0 2 + 0 2 . 


Lead Sulphide, PbS 

Lead sulphide occurs in nature as galena in well-formed cubic 
crystals with a lustre resembling metallic lead Lead sulphide is 
formed by reducing the sulphate with carbon by heating lead in 
sulphur vapour, and as a black precipitate by passing hydrogen 
sulphide through neutral, acid, or alkaline solutions of a lead salt If 
hydrochloric acid be present, an orange yellow, or red precipitate of 

lead thiochloride, Pb..SC 1 2 , may be formed. .... , 

Boiling dilute nitric acid dissolves lead sulphide, forming lead nitrate 
with the separation of sulphur. Concentrated nitric and converts it 
to lead sulphate on account of the oxidation of the sulphur to sulphuric 
acid fnace 419) Unlike tin sulphides, lead sulphide is insoluble in 
afktlinThydroxides and sulphides. Synthetic lead sulphide melts at 
1114 and galena at a lower temperature; lead sulphide begins to 
sublime at about 950° in vacuo or in a current of an inert gas. forming 
small cubic, crystals. Heated with free access of air, it forms lead 

sulphate and some litharge. 

t ...lnhofo PhSO occurs native as anglcsite. It is formed as 

a white precipitate when sulphuric acid or a soluble sulphate is added 

* i of n lone! s ilt It is noteworthy as one of the few sulphates 

and k i. Ji <■„ U» JaU-nniaafoa o ( 

lead. . . 

Lead chromate, PbCrO,. occurs naturally as crocomte. It is precipi- 
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hydroxide solution it is converted into red basic lead chromate , 
Pb(OH) 2 . PbCr0 4 , also used as a pigment —chrome red. 

Lead acetate, (CH 3 COO) 2 Pb, is important as being one of the two 
common salts of lead which are easily soluble in water (100 grams of 
water dissolve 46 grams at 15°). It is made by boiling litharge with 
acetic acid until a solution results and allowing this solution to 
crystallize. It is a white crystalline salt with a sweet taste (it is very 
poisonous) and hence is known as sugar of lead. It is used in medicine, 
as a mordant and in the laboratory for the preparation of lead 
compounds. 


§ 22 Quadrivalent Lead Compounds 

In addition to lead dioxide, already discussed, there are a number of 
compounds of quadrivalent lead. Many of these are more conveniently 
regarded as organic compounds (as, for example, lead tetraethyl, 
Pb(C 2 H 5 ) 4 , now extensively used as an " anti-knock ” in motor fuels), 
but of the remainder, lead tetrachloride and tetra-acetate may fitly be 
considered here. 

Lead Tetrachloride, PbCl 4 

The fact that lead dioxide will form a solution with cold concentrated hydro¬ 
chloric acid has been mentioned (page 740), and is probably due to the formation 
of lead tetrachloride, which, in presence of excess of hydrochloric acid, is thought 
to form the acid H s PbCl g . The same deep yellow solution is obtained when 
chlorine is passed into a suspension of lead dichloride in concentrated hydro¬ 
chloric acid. If to this solution a concentrated solution of ammonium chloride 
be added, yellow ammonium chloroplumbate, (NH 4 ) a PbCl c , separates out. This 
salt is stable at ordinary temperatures and can be filtered off and dried. On 
adding it to concentrated sulphuric acid in a good freezing mixture, lead tetra¬ 
chloride is obtained as a heavy yellow liquid: 

(NH 4 ) t PbCl 4 -f H 2 S0 4 = <NH 4 ) 9 S0 4 + 2HC1 + PbCl 4 . 

It is stable under sulphuric acid, but fumes in air at ordinary temperatures, 
chlorine b- ing evolved. It is decomposed by water into lead dioxide and hydro¬ 
chloric acid. 

Lead tetra-acetate. I > b(CjH 3 0 2 ) 4 . is a white solid, obtained by dissolving red 
lead m a mixture of warm glacial acetic acid and acetic anhydride. The tempera¬ 
ture must not exceed 05'. On cooling, the solution deposits white needles of 
the tetra-acetate. It is a reasonably stable compound at ordinary temperatures; 
latterly it has been used considerably as an oxidizing agent in organic chemistry. 
It is decomposed by water, forming lead dioxide. 


§ 23 Detection and Determination of Lead 

Lead salts in solution are detected by the formation of a white 
precipitate of lead chloride on addition of hydrochloric acid. This 
precipitate is soluble in hot water and crystallizes out on cooling in 
fine white needles. Lead salts also give a bright yellow precipitate of 
lead chromate, with potassium chromate solution. 

Lead is usually determined by precipitation as the sulphate. 
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§24 Group IVA of the Periodic Table 

The A sub-group of Group IV comprises the elements titanium, 
zirconium, hafnium and thorium. Cerium is sometimes included in 
this group, but, as mentioned in the previous chapter, the electronic 
configuration assigned to its atom by Bohr indicated that it is, properly 
speaking, the first member of the rare-earth elements. It shows, in 
fact, resemblances to both groups. 


Titanium, Ti 

History and Occurrence .... 

Titanium was discovered in 1791 by W. Gregor while 

^r^nachTn C ” d 'rbrcc^ < years*later V M aC H an Klaprot r h l 'found A w < hat *he supposed" to be 
mcnacmn. inrcc yea « d thc meta i derived from it titanium and 

showed that'it was identical w.th Gregors menachm. J. I Berzelius first isolated 

thc metal-more or less impure-m l^ distributed, and in 

more abundant than an> of ^thic increasingly. The chief minerals are 

titanium silicate. CaTiSiO* or CaO.SiO,.TiO r 


B TorZ to obtain tbe 

sulphuric acid, when unstable tita P ; , titanium sulphate, leaving most 

iron. A little water is added is diluted when titanic hydroxide 

?s‘ and SSL 

^ or by dcposition on a tungstcn 
filament heated in titanium iodide vapour. 


TiO, + Ca 
TiCI 4 + 4Na 


CaO -4- Ti 
4NaCI + Ti. 


« ♦ „cpd but the alloy with iron, /erro-htamum. is ol great 

The free clement is not used bui. ' stcc , s an d is used to remove oxygen 

importance for the i >r (>cliJCtio s ^ ^ flux in the arc-welding of steel. It is 

and nitrogen from molten *Uc mixturc G f , r on and aluminium, 

obtained by adding rutile t fair | y Hglit metal as its specific gravity is 4-o 

Titanium melts at 1H00 . . ,l ' tic ; lt is closely related with silicon It 
approximately. In inning titanium dioxide; at 800° in nitrogen it 

burns when heated in oxygem (or■ £ Iwiling water It is not readily 

forms the nitride I iN. ljj . ic ac id vields a sulphate and hydrogen, 

attacked by acids. Hot ch I Ti(OH)*. while concentrated sulphuric 

nitric acid converts it mt« titanic bdng evolved, 

acid forms thc disulphatc. li( compounds in which the element is bi-. 

Titanium gives rise to ^c scri Thc biv * alcnt ancJ tervalent derivatives are 

2b* 
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Oxides of Titanium 

Three oxides, viz., TiO, Ti,O a and TiO„ and the corresponding hydroxides, are 
known. The common oxide is the dioxide. 

It is obtained from rutile as described above. It is also obtained by fusing the 
mineral with sodium sulphide and extracting the cooled melt with water. Ferrous 
sulphide and titanium dioxide are left; the former is removed by dissolving it in 
a sulphurous acid solution. From iron titanate ores it is made by heating a mixture 
of the ore with carbon in a stream of chlorine. Titanium tetrachloride distils 
and is then hydrolysed by water to the dioxide. 

Titanium dioxide is a white powder, which reacts only slowly with acids. It 
forms titanates when fused with alkalis, e.g., potassium titanate, K,TiO s . It 
is thus an amphoteric oxide. Titanium dioxide is used as a white pigment, either 
alone or precipitated on calcium or barium sulphate (titanox), for which it has 
the advantages, as compared with white lead, that it is not poisonous and does 
not react with hydrogen sulphide. It is also used in enamels. 

Titanium hydroxide, titanic acid, Ti(OH) 4 , is precipitated from its salts by 
the action of alkalis and ammonia. It resembles silicic acid in many respects. 
When dried it appears to form mctatitanic acid. H t Ti0 3 . There is some doubt 
about the actual existence of the acid, but well-defined metatitanates are known. 

Titanium dichloride, TiCl*, is made by the decomposition of titanium trichloride 
in vacuo : 

2TiCl a = TiCl, + TiCl 4 . 

It is a very powerful reducing agent. 

Titanium carbide, TiC, is harder than carborundum and is used sometimes 
with tungsten carbide (page 819) for cutting tools and dies. 

Titanium Trichloride, Titanous Chloride, TiCl 3 

Anhydrous titanous chloride is made by passine a mixture of the tetrachloride 
and hydrogen through a red-hot tube: 

2TiCI 4 -r H, = 2TiCI, + 2HC1. 

In solution, it is readily obtained by reduction of acidified solutions of the dioxide 
with zinc or tin ; or by electrolytic reduction of the tetrachloride. It is a powerful 
reducing agent and is used in volumetric analysis for the determination of ferric 
iron and other oxidizing agents. The solution has a violet colour, and has to be 
protected from the air, which readily oxidizes it. 

Titanium tetrachloride, titanic chloride, TiCl 4 . is made by passing chlorine 
over a mixture of titanium dioxide and carbon: 

TiO, + C + 2C1, « TiCl 4 + CO,. 

It is a volatile, colourless liquid which boils at 136*4°. It fumes in air, and reacts 
with water, giving basic chlorides or orthotitanic acid (titanium hydroxide), 
according to the extent of hydrolysis. In presence of excess of hydrochloric 
acid, the hydrolysis is almost prevented and from such solutions crystalline 
hydrates, e g., TiCI 4 .2H t O and TiCl 4 .f>H,0, have been obtained. 

Zirconium. ’» i 

Zirconium ;s widely distributed in the earth's crust in small quantities. It 
was discovered in I7SS in the mineral zircon by M. H. Klaproth; the metal was 
isolated by J. J. licr/clius in IS24. 

T1 lie principal sources of zirconium are the mineral zircon , zirconium silicate, 
ZrSi() 4 ; and baddclcyite zirconium dioxide. ZrO,. It also occurs as various 
zirconatcs. 

1 he metal can be produced either by electrolysis of its double potassium fluoride 
(obtained by fusing zircon with potassium hydrogen fluoride), or by reduction of 
the oxide by metallic calcium Zirconium of a high degree of purity for radio 
valves is obtained by heating rods of the crude metal with iodine in an evacuated 
vessel, in a side chamber of which is a tungsten wire heated electrically to 1300°. 
l^ire zirconium is deposited on the wire. It exists in two forms: crystalline and 
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amorphous. It closely resembles silicon in chemical properties. It burns when 
heated in oxygen at a high temperature, forming the dioxide It forms compounds 

" u‘‘L C of‘tcn bought o”as^a ran^e/ement, but in fact, it is estimated to be more 
thin twice as abundant as copper and thirteen times as plentiful as lead. 
Zirconium and its compounds are now finding a number of applications. 1 crro ‘ 

' . j : n au. t steel industry'" the oxide is replacing tin oxide as an 

opacificr'in^cnaEMl.Hand* tlwTineta| U |Vbeing used ,n radicalves and " photo- 

flash '■ b V ,b f . oxveen scavenger in the manufacture of special 

stetrand tli^dioxidehas lien employed as a "refractory material for crucibles 
tr The oxide silicate, carbonate and phosphate have been used in paints and 
has found application (or weighting silk, and as a mordant^ 

.. ^irrnnU 7rO is a very hard, infusible white sub-stance 

wWch C ?s m ry^bfe and^carce.y at«^ckcd by acids with the exception ol hydro- 
lluoric acid. 

o, 

earths were observed b> l rbai . Coster and Hevesv (1923). They examined 

covery and characterization are d , j that son ie of them contained up 

a number of zirconium minerals and ^ contained traces. The 

to 30 per cent, ol ‘he oxj.le of a 1 examination of .ts X-ray spectra 

new clement was nam ‘ d u 7 o a „d thus to fit into the vacant place in 

U)“ firthp n crmd “rthe Periodic Table between /../«.«». and M.hn indicated by 

the work ol Bohr“ n n aVo°l»e e ver y like zirconium Irom which it can only be separ- 
ateX’rteZVs priess of fractional crystallization ol the complex ammonium 

fluorides (NHJ,ZrF. and (NH,),HfF. potassium hafnium fluoride with 

' apo,,r oi ha,mum ,od,de 

fCf. titanium and zirconium, supra.) 

§ 25 Thorium, Th 

Hi Tn7818 1 I Berzelius believed that he had discovered a new earth 
In 18 J* J* p . I _ (Sweden) and gave it the name thona 
in a mineral from laid ( > f 828 £^^ 1 ^ discovered a 

after the Scandinavian g * , • h g erze |i us isolated an earth 

mineral from Brevig ( i0rNS ' ^. i was subsequently called thorite. 

radioactive pcopcnic (Sec U» W »Z> 

Occurrence « thorite and ora t incite, which are 

The principal thorium n «■• 1- » n . and monaZ iU\ which although 
silicates of very complex co I ' always contains thorium. 

ESS* 1ST .‘SS’^SSyf*3S-d- V— o. U— 

compounds. 

Extraction which thorium is obtained is as the oxide 

ThO h , C Yt'Ts'prepared from monazrte which is dissolved m concen- 
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trated sulphuric acid; the solution is then diluted and alkali slowly 
added. Thorium phosphate is thus precipitated before any of the other 
substances present and is converted into the dioxide by heating it with 
sodium carbonate. It is interesting to note that helium is evolved to 
the extent of 1 c.c. per gram (at N.T.P.) when the monazite is heated 
to 1000°, and this is now being used as a source of helium as large 
quantities of monazite are dealt with by the gas-mantle industry. 

Thorium metal may*’ be prepared by the action of sodium on the 
chloride (obtained by the action of chlorine on a mixture of the dioxide 
and carbon): 

ThO, + C + 2C1 2 = ThCl 4 + C0 2 
ThCl 4 + 4Na = Th 4- 4NaCl 

or by the electrolysis of a fused mixture of the chlorides of thorium, 
potassium and sodium. 

Thorium dioxide, Thoria, Th0 2 , is so far the only known oxide of 
thorium. It is made from monazite as described above, in large 
quantities for use in the manufacture of gas-mantles. It is a white 
powder, and is comparatively inert towards reagents. 

Incandescent gas-mantles consist essentially of a mixture of 99 
per cent, of thorium dioxide (thoria) with 1 per cent, of cerium dioxide 
(ceria). They are made by weaving a mantle " hose ” in ramie fibre 
or artificial silk and soaking this hose in a solution of thorium and 
cerium nitrates in the appropriate proportions. The mantle is then 
dried, the “ fibre ” burnt away in a high-temperature flame and the 
skeleton of mixed oxides remaining is dipped in collodion to make it 
strong enough for packing, etc., until wanted for use. It is a curious 
fact that thoria only gives a poor light unless mixed with 1 per cent, 
of ceria. 


C 

I 

Si 


§ 26 The Relationships of Group IV Elements 

The elements of Group IV occur in the centre of the Periodic Table 
and so it is to be expected that the marked differences between the A 
and B sub-groups in other parts of the table would be less pronounced. 
This is, in fact, the case, the differences here being comparatively 

slight. It is also to be expected that Group IV 
elements will be distinctly amphoteric, as is found 
in practice. 

The elements of the Group are divided into sub¬ 
groups as indicated in Fig. 30.6. 

With the exception of carbon and silicon which 
are mainly acidic, the elements of Group IV are 
metallic in nature, and, except lead and tin, have 
high melting points which, with the specific 
gravities, show the normal gradation of properties 
with rising atomic number. This is indicated by 
Tables LI and LII. 


/ 

\ 

Ti 

i 

Ge 

i 

Zr 

i 

Sn 

i 

Hf 

Pb 
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Th 
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Table LI 


Element 

Melting Point 

Specific Gravity 

Titanium . 

1800 e 

4-5 

Zirconium 

1700° 

6 4 

Hafnium . 

2227° 

1331 

Thorium 

1845° 

11*2 

Table LII 

Element 

Melting Point 

Specific Gravity 

Cartxrn 

3500® 

2-2-3 5 

Silicon 

1420® 

2 4 

Germanium 

985-5® 

5 36 

Tin . 

231 85 c 

7-31 

Lead 

327-5® 

11 34 


None of these elements is more than superficially oxidized at ordinary 
temperatures, while all. when heated strongly, readily oxidize, forming 
the dioxide (except lead which forms the monoxide or red lead accord¬ 
ing to the conditions). These dioxides are acidic in the case of the 
lighter elements, basic character becoming more marked with increas¬ 
ing atomic weight. . 

All the elements of the group form quadrivalent compounds, and. 
except in the case of lead, these are the principal compound In all 
cases divalent compounds are also known, and in some (e.g.. lead and 
titanium) trivalencv is also found. One of the most marked common 
characteristics of the whole group is the formation of characteristic 

complex halogen salts of the type 

The marked differences observable in most groups between the first 
and later members is nowhere more noticeable than in Group IV 
where carbon, with its seemingly limitless ability to link itself into 
chains and rings and its essential relation to all forms of life, stands in 
a class entirely by itself. Silicon resembles carbon in many ways, but 
its power of forming chains, etc., is feeble by comparison. 

The elements of the A sub-group show some resemblance to the rare- 
earth elements, but are less basic. Titanium shows marked resem¬ 
blances also to silicon, thus many titanates and silicates are iso- 
mornhous but it is much more basic in character, and this increase 
in basic character becomes greater with increasing atomic weight. 
This is shown by the decreasing hydrolysis of the quadrivalent salts 
on passing from titanium to zirconium, hafnium and thorium. 

None of the A sub-group elements forms a definite hydroxide 
MfOH ) Attempts to precipitate it yield hydrated oxides which lose 
water continuously; and all readily form colloidal solutions. 

In the B sub-group, germanium, tin and lead form a well-defined 
family, and there is a satisfactory gradation of properties from carbon 
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through germanium to lead. But carbon and lead show no resem¬ 
blance whatever comparable to that between lithium and caesium. 
In this respect the group more resembles Group III. The principal 
properties common to carbon, silicon and the B sub-group elements 
are: quadrivalency; formation of a hydride XH 4 (very unstable in 
the cases of tin and lead) and oxide X0 2 having acidic properties, and 
a liquid tetrachloride. The metallic character increases progressively 
with increasing atomic weight and the tendency to form bivalent 
compounds increases similarly. 

The probable electronic configurations of the atoms of the Group IV 
elements are shown in Tables LIII and LIV. The close resemblance 
in structure in each sub-group is clear. The A sub-group elements 
resemble the B sub-group in that the outermost electrons consist of 
two pairs, but the A sub-group differs in having incomplete cores so 
that variable valency is more noticeable. 


Table LIII 


Element 

Electrons in Orbits 

Is 

2s 2 p 

3s 3 p 3 d 

4s 4 p Ad 4y 

5s bp 5d 

Gs Op G d 

7s 

Titanium . 

2 

2 6 

2 G 2 

2 




Zirconium 

2 

2 G 

2 G 10 

2 0 2 

2 



Hafnium 

2 

2 G 

2 G 10 

2 6 10 14 

2 G 2 

2 


Thorium 

2 

2 G 

2 G 10 

2 G 10 14 

2 G 10 

2 0 2 

2 


Table LIV 


Element 

Electrons in Orbits 

Is ’ 2s 2/> 

3s 3 p 3 d 

4> 4 p »:/ 4/ 5s op od 

Gs G p 

Carbon 

Silicon 

Germanium 

Tin .... 
Lead .... 

1 

2 

o 

2 

2 2 

2 G 

2 G 

2 G 

2 G 

2 2 

2 0 10 

2 0 10 

2 G 10 

2 2 

2 G 10 

2 G 10 14 

2 2 

2 G 10 

2 2 





































CHAPTER 31 


PHOSPHORUS AND THE REMAINING ELEMENTS 

OF GROUP V 

§ 1 Group V of the Periodic Table 

Group V contains the elements nitrogen and phosphorus, with 
vanadium, niobium, tantalum and protoactinium in the A sub-group; 
and arsenic, antimony and bismuth in the B sub-group. 

The two light elements, nitrogen and phosphorus, are much more 
closely related to those of the B than of the A sub-group, and there is 
a w r e 11-graded variation in properties in the series nitrogen, phosphorus, 
arsenic, antimony and bismuth, although, as in Group IV, there is 
little, if any, resemblance between the first and last elements. 


§2 Phosphorus, P. History and Occurrence 

History 

The following is probably the correct version of the discovery of 
phosphorus (a matter which has given rise to much_ confusion and 
doubt). Phosphorus was discovered in 1674 or 1675 by Brand of 
Hamburg, by a process involving the distillation of evaporated urine. 
He obtained the solid, though only in small quantity-. At the end of 
1675 or early 1676 his secret was sold to D. Krafft for 1.1 < ; and he 
also informed J. Kunckel that it was obtained from urine. Kunckel 
obtained solid phosphorus from urine in 1676 after a few weeks of 
experimenting. Solid phosphorus was shown to Boyle and others m 
1677 by Krafft, who told them that it was obtained from part of 
the human body." Boyle succeeded in obtaining solid phosphorus in 
1681 and was the first to publish an account of the method of making it. 

The name phosphorus is derived from the Greek —</>ujs (phos). light 
and ditpa, (phero). I carry. It was applied to various substances such 
as commercial barium and calcium sulphides, which glow m the dark, 
as wen as to phosphorus proper; but in due course it became restricted 

t0 S e i769 G nt Gahn showed that calcium phosphate occurs in bones 
and C W Schcele obtained phosphorus from bone ash in 17* 1. The 
elementary nature of phosphorus was first recognized by A. L. Lavoisier 

•in 1777. 


Occurrence 

Phosphorus, of course, 
so very readily oxidized 


does not occur free in nature, because it is 
in contact with air. It is. however, rather 

761 
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widely distributed in combination with oxygen—as earthy phosphates 
—in such minerals as sombrerite, phosphorite, coprolites, and " phosphate 
rock " (of South Carolina, Florida, and Tennessee), all of which are 
more or less impure calcium phosphates, Ca 3 (P0 4 ) 8 . It also occurs 
in chlor-apatite —3Ca 3 (P0 4 ) 2 .CaCl 2 ; fluor-apatite —3Ca 3 (P0 4 ) 2 .CaF 2 ; 
vivianite —Fe 2 (P0 4 ) 2 .H 2 0; wavellite —4A1P0 4 .2A1(0H) 2 .9H 2 0. Some 
native phosphates are valued for the rare earths associated with the 
phosphoric acid—e.g., monazite , and some phosphates are present in 
certain gems— turquoise, lazulite , etc. 

The Phosphorus Cycle in Nature 

Small quantities of phosphates are found in granitic rocks. By the 
weathering and decay of these rocks, the combined phosphorus ulti¬ 
mately finds its way into the soil, spring water, and the sea. All fertile 
soils contain phosphorus. A ton of average fertile soil contains an 
average of about a pound of phosphorus—phosphorus is needed to 
build up certain parts of the essential tissue of growing vegetation. 
Plants require phosphates from their earliest life, and seeds contain 
a plentiful supply for the germination of the embryo. 

Animals feeding upon plants or upon herbivorous animals concen¬ 
trate the phosphorus in their bones and tissue. The bones of an adult 
man furnish about 41 lb. of normal calcium phosphate. A normal 
adult excretes the equivalent of 3-4 grams of phosphoric acid daily. 
This is derived from vegetable foods, and partly from the waste of 
muscular and nervous tissue which involves a decomposition of the 
phosphorus compounds. The products of decomposition are earned 
by the blood to the kidneys, and there excreted with the urine—chiefly 
as sodium ammonium phosphate. 

The phosphorus discharged by animals finds its way back to the soil, 
or rather into the sewage and finally into the sea. The amount returned 
from the sea as edible fish is insignificant in comparison with that 
which was formerly drained into the sea as sewage from large towns. 

Processes for checking the loss of phosphorus in sewage have 
attracted much attention, for the growing of repeated crops impover¬ 
ishes the phosphate content of the soil, and this is made up by the 
application of phosphatic fertilizers, usually in the form of a phosphatic 
mineral, e.g., phosphate rock. When supplies of this material begin 
to run short, a serious situation will arise unless means for the recovery 
of the phosphorus at present lost in sewage or buried out of reach in 
cemeteries can be devised. 

§ 3 Manufacture of Phosphorus 

Phosphorus is made from calcium phosphate. Formerly bones were 
the principal source of this substance, but much of the phosphorus and 
phosphorus compounds of commerce are now derived from mineral 
phosphate deposits. 
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The bones are digested with solvents such as benzene, ether, etc., 
to remove fat. after which the “ degreased bones ” are digested with 
water under pressure to remove gelatine. The “ degelatinized bones ” 
remaining are heated in air when bone ash. which is mainly calcium 
phosphate, remains. 

Two processes have been used for the manufacture of phosphorus, 
viz., the retort process, now obsolete, and the electrical process which 
is the one now used. 


The Electrical Process 

In this process, which is tXeciiothcrmal and not electrolytic, a mixture 
of calcium phos- v / 

\ -f—Hopptr 


phate, sand and 
coke is fed into 
an electric furnace 
illustrated diagram- 
matically in Fig. 
31.1. At the high 
temperature of the 
electric furnace, the 
silica, on account of 
its involatility, dis¬ 
places the phos¬ 
phoric acid of the 

phosphate,although 

the latter is the 
stronger acid, thus 
forming phosphoric 
oxide which is re- 


Phosphorui inpour 
and Carbon monoxide " 





(Calcium situate) 



Calcium phosphate. 
Sand and Cu^e 


Carbon Clectrodcs 

Fig. 31.1—Manufacture of Phosphorus 
oxide wnicn ic- , , 

duced by the carbon to phosphorus. The phosphorus escapes as a 

vapour and is condensed ■ 

CaJPOjh + 3SiO, =3CaSiOj + P 2 0 5 , 

P.O. + 5C = 2P + SCO. 


Purification 

The methods employed for the purification of the crude phosphorus 
obtained as above are trade secrets. It is said to be purified by distilla¬ 
tion from iron retorts, or by warming with a mixture of sulphuric 
acid and potassium dichromate so as to oxidize some of the impurities. 
Other imnuritics rise to the surface as a scum, and leave a layer of 
clear and colourless phosphorus at the bottom of the tank I he 
molten phosphorus is then allowed to flow into a tube of half-inch bore 
Of such a length that the phosphorus has time to cool before it reaches 
the end of the tube. The phosphorus is drawn from the tube under 

water, and cut into sticks. 
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§ 4 Properties of Phosphorus 

Allotropy 

Two well-defined allotropic modifications of phosphorus are familiar, 
viz., yellow (or white) phosphorus and red phosphorus. Many other 
alleged allotropic forms have been described (e.g., scarlet, violet and 
black), but it is uncertain how far these are genuine allotropes. It is 
now usual to consider that there are three distinct forms, yellow, red 
and black; the others being varieties of these. 

When phosphorus vapour condenses, the yellow lorm results. This 
is metastable at all temperatures up to the melting point of red phos¬ 
phorus (589*5° at 43 atmospheres). The red form is the stable form, 
but conversion of the yellow into the red is extremely slow at ordinary 
temperatures. Phosphorus is therefore said to be monotropic ; an 
element, like sulphur, for which there is a transition point between 
two forms is said to be enantiotropic (cf. page 444). 

When yellow phosphorus is exposed to air and light; or when 
phosphorus is heated to about 250° in an inert gas or in vacuo ; or 
when phosphorus is exposed to an electric discharge—silent or spark— 
it soon passes into a chocolate-red coloured allotropic modification 
which sometimes has an iron-grey metallic lustre This is the variety 
called red phosphorus. 

The change proceeds with almost explosive violence when the 
phosphorus is heated under pressure to about 350°; at 300° the 
change is moderately fast. The speed of the transformation can be 
accelerated by the addition of a trace of iodine. In the presence of this 
catalytic agent, the change is fairly fast at 200° 

Red phosphorus is made commercially by heating yellow phosphorus 
in an iron pot, having a cover through which passes a long narrow, 
upright iron tube to prevent the development ol pressure. The pot 
is heated to 240°, the temperature being carefully controlled. A little 
of the phosphorus burns, removing the oxygen from the air initially 
present; after which very little if any enters by the long tube. When 
the conversion to the red form appears to be complete, the product is 
ground with water and boiled with sodium hydroxide solution to re¬ 
move any unchanged yellow phosphorus. The red phosphorus is then 
washed with water and dried ; or. alternatively, preserved under water. 

P. W. Bridgman’s study of the effect of high pressures on phosphorus 
furnished him with an hexagonal variety of yellow phosphorus which 
passes into the ordinary cubic form at the transition point -7(5-9°; 
and a variety of black phosphorus formed at 200° under pressures 
from 12,000 to 13,000 kilograms per sq. cm. 


Properties of Yellow Phosphorus 

Yellow phosphorus, which has also been called “ octahedral," 
*• common." " colourless," " white," and " non-metallic ” phosphorus, 
’ a translucent, almost colourless solid, which soon becomes coated 


is 
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with a white opaque crust. If exposed to light, yellow phosphorus 
rapidly darkens in colour. At 0° it is hard and brittle with a crystalline 
fracture; at ordinary temperatures it is soft enough to be cut with a 
knife. It melts at 44-1° under atmospheric pressure, and at 52-8 c 
under a pressure of 300 atmospheres. W hen molten phosphorus is 
cooled, the temperature can be reduced much below the melting point 
without solidification, owing to the effects of undercooling. Phos¬ 
phorus boils at 280° (700 mm.), and at 105° under a pressure of 
120 mm., but it vaporizes at a much lower temperature. For instance, 
when phosphorus is heated to 40* in the lower part of a flask in an 
atmosphere of carbon dioxide, crystals of phosphorus sublime on to 
the upper part of the flask. Yellow phosphorus also sublimes at 
ordinary temperatures hi vacuo when exposed to the light. 'S ellow 
phosphorus ignites at about 30° in air. saturated with moisture; the 
inflammation temperature is higher the dryer the air. When phos¬ 
phorus burns in air. dense white clouds of phosphorus pentoxide. 
p o are formed. If, however, the phosphorus and oxygen be perfectly 
dried by exposure to the desiccating action of phosphorus pentoxide 
phosphorus may be melted and even distilled in oxygen with very little 


The inflammation temperature is so low that the heat ot the body 
suffices to raise the temperature of the phosphorus above its kindling 
temperature, and hence phosphorus should always be ‘handled 
with the forceps, never with the bare lingers unless under water. 
Bums produced bv phosphorus are very painful, and heal very slowly 
The fumes of phosphorus are poisonous. Persons constantly exposed 
to their action are liable to suffer from canes (rotting) of the bones of 
the jaw and nose—“ lossy jaw." Phosphorus itself is poisonous; it 

is stated that a 01 gram (lose is fatal to man 

On account of its inflammability, phosphorus is usually preened 
under water in which it is almost insoluble—one part oi phosphorus 
dissolves in 300.000 parts of water, but it readily dissolves in carbon 
disulphide, sulphur chloride, phosphorus trichloride etc.. and it i* 
also soluble in chloroform, benzene (1-513 per cent, at > . and 10 0. per 
cent at 82°) turpentine, alcohol, ether (0 43 per cent, at 0 . - <M per 
cen * at 35^ almond oil (1 -25 per cent at 15*). etc. Octahedral crystals 
of yellow phosphorus are obtained when the solution in carbon 
disulphide is allowed to evaporate. Ha piece of blotting P a iy H 
soaked with a solution of phosphorus in carbon disulphide, and the 
solvent be allowed to evaporate, the finely divided phosphorus which 
remains behind ignites spontaneously in air owing to its rapid oxidation 

When yellow phosphorus is exposed to ordinary air in the dark, it 
emits a pale greenish light and gives off white fumes with an unpleasant 

^SglowT/phosphorus has been the subject o! much investigation. 

but it is still not completely understood. ... . 

Phosphorus does not glow at temperatures much below 0 . and not 



750 MODERN INORGANIC CHEMISTRY (Chap. 

in inert gases—carbon dioxide, nitrogen, etc. It does not glow in 
pure oxygen below 15°, but it does phosphoresce if the oxygen be 
slightly rarefied, or diluted with an inert gas; and the glow in air is 
stopped if the air be compressed. Thus a certain critical pressure of 
the oxygen is needed for phosphorescence to occur. The glow in air 
is stopped if traces of gases which destroy ozone be present—e.g., 
hydrogen sulphide, ethylene, turpentine, etc. Hence ozone appears 
somehow to be connected with the phosphorescence. Ozone is one 
product of the oxidation of phosphorus in moist air. 

The glow is undoubtedly associated with an oxidation of the phos¬ 
phorus. In moist air the product is mainly P 4 0 6 ; in oxygen, at 
atmospheric pressure, it is P 2 O s ; but under reduced pressure (18-20 
mm.) phosphorus pentoxide and a yellow product (thought by some 
to be a suboxide, P.,0) are formed. 

Phosphorus combines directly with the halogens, forming first the 
trihalide and, with excess of halogen, the pentahalide (pp. 769-72). 
It also combines with sulphur and several phosphorus sulphides are 
known (page 772). 

Phosphorus unites directly with many metals, forming phosphides. 
In illustration, if very small pieces of sodium and of phosphorus be 
cautiously heated together, sodium phosphide, Na 3 P, is formed. The 
combination occurs with a bright flash. 

Phosphorus is a powerful reducing agent; the yellow variety is 
more active in this respect than the red. It is oxidized by nitric acid 
to orthophosphoric acid, and will reduce salts of copper to the metal. 

Yellow phosphorus, but not red, also reacts with concentrated solu¬ 
tions of alkali hydroxides forming phosphine, etc. (page 759). Hence 
the use of sodium hydroxide for the purification of the red form. 

Properties of Red Phosphorus 

Red phosphorus (sometimes miscalled amorphous phosphorus) is 
the stable form of phosphorus at ordinary temperatures. It is a violet- 
red, apparently amorphous powder which was shown by Pedler and 
Rctgers in 1890 to contain rhombohedral crystals. 

Red phosphorus is less chemically active than ordinary yellow 
phosphorus. This agrees with the fact that the passage of the yellow 
to the red variety is attended by an evolution of heat: 

1 wiiow == Pred "f“ Cals.; 

and hence it is generally stated that red phosphorus contains less 
available energy than yellow phosphorus. Red phosphorus does not 
appear to volatilize appreciably below 200°, and only very slightly at 
280°. Red phosphorus takes fire when heated in air to about 260°; 
and like yellow phosphorus, previously discussed, it burns, forming 
phosphorus pentoxide. Red phosphorus burns if heated in an atmo¬ 
sphere of chlorine, whereas ordinary phosphorus takes fire spontaneously 
in the gas. 
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The difference in the molecules ot red and yellow phosphorus is not 
known. As is probably the case with monoclinic and rhombic sulphur, 
it may be due to a difference in the arrangement of identical molecules, 
or to a difference in the molecular weight, that is. to the number of 
atoms per molecule. Equal weights of red and yellow phosphorus 
when burnt separately in an excess of oxygen give equal weights of 
phosphorus pentoxide, P 2 0 5 . 

The principal differences between red and yellow phosphorus are 
summarized in Table LV. 

Table LV.—Comparison of the Properties of Red and Yellow 


Phosphorus 

Property 

Red phosphorus 

Yellow phosphorus 

Colour .... 
Crystalline form 

Smell, etc. . . • 

Exposed to air • • 

Melting point . 

Physiological action . 

Specific gravity 

Specific heat 

Action carbon disulphide . 
Ignition temperature 

Electric current 

Hot sodium hydroxide 
Chlorine gas 

Reddish-violet 
Rhombohedral system 
Tasteless, odourless 

No phosphorescence. 

no oxidation 

589-5 at 43 atm 
Non-poisonous 

2-2 

0170 

Insoluble 

200° 

Feeble conductor 

Nil 

Fires it heated 

Almost colourless 

Cubic system 

Garlic-likc smell • 
Phosphorescence ana 
oxidation 

44 1° 

Poisonous 

1-82 

0189 

Soluble 

30' 

Very leeble conductor 
Gives phosphine, etc. 
Fires spontaneously 


• When oxidizing. 


Although red phosphorus is the stable form, yellow phosphorus does 
not appear to pass into the red form at ordinary temperatures owing 
to the extremely slow velocity 
of the change. By the distillation 
of red phosphorus at 290°. yellow 
phosphorus is obtained, and at 
ordinary pressures the transition 
point of the stable red into the 
unstable yellow is masked by the 
vaporization of the phosphorus 
However, when red phosphorus 
is heated under pressure in cap¬ 
illary tubes so as to prevent 
distillation, it forms a yellow 
liquid at (510°, and red particles 
begin to separate from the cool¬ 
ing solution at 580°. At • f >70 
the mass turns red. Ked phos¬ 
phorus melts at 589-5*. under 



Fig 


31.2.—Vapour Pressure Curves 
ot Phosphorus 
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43 atm. pressure. The vapour pressure of yellow phosphorus is greater 
than the red; the curves cannot be carried above 400° because the 
yellow phosphorus passes into the red variety so quickly at about 
400°. The two vapour pressure curves are illustrated in Fig. 31.2. 
Both curves converge towards the melting point of red phosphorus at 
43 atm. as is the case with allotropic modifications of other elements. 
It is inferred that both varieties would be in equilibrium with the 
vapour phase at this melting point were it not for the disturbing 
phenomenon just indicated. 

Other Varieties of Phosphorus 

Although red phosphorus is practically insoluble in solvents such 
as turpentine which dissolve the yellow form, it will dissolve in phos¬ 
phorus tribromide. 

If the solution in phosphorus tribromide be exposed to light, or 
boiled for some time, what is supposed to be a mixture of red phos¬ 
phorus and phosphorus tribromidc separates as a scarlet red powder— 
Schenck’s scarlet phosphorus. This resembles red phosphorus in many 
of its properties, but is rather more chemically active, as might be 
expected from its extremely fine state of subdivision. This variety of 
red phosphorus has not been prepared free from the solvent in which 
it is formed. 

Another variety ot red phosphorus has been obtained by heating the 
ordinary red form with metallic lead in a sealed tube at 500° for 
eighteen hours. 

The lead dissolves the phosphorus at the high temperature, and 
rejects the dissolved phosphorus on cooling in the form of rhombohedral 
crystals. The lead can be dissolved away by means of dilute nitric 
acid followed by boiling with concentrated hydrochloric acid; the 
residue has a specific gravity varying from 2*34 to 2-39. This dense 
form of red phosphorus is sometimes called Hittorf’s phosphorus, or 
metallic phosphorus, or “ rhombohedral ” phosphorus. The term 
“ metallic ” appears to be a misnomer, for it does not conduct elec¬ 
tricity. The specific gravity of red phosphorus varies with its method of 
preparation from 2*05 to the maximum 2*39 for Hittorf’s phosphorus. 

§ 5 Uses of Phosphorus 

The most important use of elemental phosphorus is for the manufac¬ 
ture of matches. Yellow phosphorus was formerly employed, but on 
account of its poisonous properties its use has been abandoned. 

The modern “ strike-anywhere " match head usually contains a 
phosphorus sulphide. P 4 S 3 , together with potassium chlorate or 
manganese dioxide, glue, powdered glass to increase friction, and a 
colouring matter such as prussian blue or chrome yellow. Safety 
matches have a head composed of oxidizing agents, such as potassium 
chlorate and red lead, together with antimony sulphide, and sometimes 
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sulphur and charcoal; while the box has on it a composition containing 
glass and red phosphorus. 

A certain amount of phosphorus is also used in the manufacture of 
phosphorus tri- and pentachlorides which are required for some 
branches of chemical industry, e.g., the manufacture of chloro- 
sulphonic acid for saccharine manufacture, etc. Phosphorus is also 
employed in the manufacture of rat-poisons, fireworks, smoke-bombs, 
etc.; and is used in the making of phosphor-bronze. 

$ 6 Atomic and Molecular Weight of Phosphorus 

The atomic weight ol phosphorus is seen to lie in the neighbourhood 
of 31 from a consideration of the molecular weights and composition 
of its volatile compounds, such as phosphine, phosphorus trichloride, 
etc. The determination of the accurate value has proved somewhat 
difficult on account of the nature of the materials involved. Among 
the methods which have been employed are the deposition of silver 
from silver nitrate by phosphorus; the conversion of silver phosphate 
into silver bromide; the synthesis of pure phosphorus tribromide 
from the pure elements and its conversion into silver bromide; the 
determination of the density of phosphine ; and the conversion of phos¬ 
phorus oxychloride into silver chloride. The value at present recom¬ 
mended by the International Committee is 30-98, and is based on 
the work of Honigschmid who in 1937 prepared very pure phosphorus 
oxychloride, decomposed it with ammonia solution in a closed vessel 
and thus compared it with silver and silver chloride. 

The vapour density of phosphorus at temperatures between 5U0 
and 7(H) 0 corresponds with a molecule P 4 ; but at higher temperatures 
dissociation occurs; probably into molecules of P 2 , P 4 -1 >■ At 
very high temperatures, it is probable that still further dissociation 

into single atoms takes place. 


§ 7 Hydrides of Phosphorus 


Phosphine, PH, 

Phosphine is probably formed in 
small quantity by the decay of organic 
matter; and the faint luminosity seen 
over bogs or marshes and described 
as " will-o'-the-wisp has been as¬ 
cribed to it. 

It is most conveniently prepared 
by the action of concentrated (30 to 
40 per cent.) sodium hydroxide solu¬ 
tion on yellow phosphorus, in^ the 
apparatus indicated in Pig. 31.3. A 
mixture of sodium hydroxide solution 



Flo. 31.3.—Pr«‘|».»ratii>n oi 
Phosphine 
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and yellow phosphorus is placed in the flask fitted with delivery tube, 
etc., as illustrated in the diagram. A current of an inert gas—coal gas, 
hydrogen or carbon dioxide—is first led through the apparatus to drive 
out the air. The mixture in the flask is then heated. The phosphorus 
reacts with the alkali, forming sodium hypophosphite, and gaseous 
phosphine, PH 3 , associated with some impurities: 

3NaOH + 4P + 3H 2 0 = 3NaH 2 P0 2 + PH S . 

Phosphine prepared in this way is spontaneously inflammable on 
account of the presence of the vapour of the so-called liquid hydride, 
P 2 H 4 . In consequence, as each bubble of gas rises to the surface of the 
water, and comes into contact with the air, it ignites with a slight 
explosion and burns with a brilliant flash of light, forming a vortex 
ring of phosphorus pentoxide. If the gas be passed through a tube 
immersed in a freezing mixture, it no longer inflames on contact with 
the air; pure phosphine is not spontaneously inflammable. 

Phosphine is a colourless gas which smells like decaying fish. It 
liquefies about -87-4°, solidifies about -132*5°, and ignites when 
heated to about 100°. It bums in air, forming phosphorus pentoxide: 

2PH 3 + 40 2 = P 2 O s 4- 3H 2 0 + 311-2 Cals. 

If a mixture of oxygen and phosphine be suddenly rarefied, an 
explosion occurs. The phenomenon recalls the effect of rarefaction on 
the luminosity of phosphorus in oxygen gas. Nitric acid or chlorine 
when brought in contact with the gas causes inflammation. A jet of 
phosphine inflames and burns, forming phosphorus pentachloride when 
placed in chlorine gas: 

PH., + 4C1 2 = 3HC1 4- PC1 S . 

Phosphine is slightly soluble in water: 100 volumes of water dissolve 
about 11 volumes of the gas. The aqueous solution is not alkaline 
like aqueous ammonia ; it decomposes on exposure to light and deposits 
red phosphorus. The gas possesses reducing properties, e.g., when 
passed into solutions of copper sulphate. CuS0 4 , or mercuric chloride, 
HgClo, phosphine precipitates phosphides of the metals. It combines, 
like ammonia, with some chlorides, for instance, aluminium chloride 
and stannic chloride 

The Composition of Phosphine 

J. B. Dumas determined the composition of phosphine by passing 
a known volume of the gas over heated copper turnings—zinc, anti¬ 
mony, iron, and potassium have been used in place of copper. The 
copper forms copper phosphide. The increase in weight of the copper 
shows the amount of phosphorus in the volume of the gas which has 
reacted. The escaping hydrogen is collected and measured. Experi¬ 
ment shows that 34 parts of phosphine by weight give 31 parts of 
phosphorus and 3 parts of hydrogen. The empirical formula is there- 
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fore PH 3 . Similarly, when phosphine is decomposed by the passage of 
electric sparks through the gas, one volume of phosphine gives 11 
volumes of hydrogen, and red phosphorus, of negligibly small volume 
in comparison with the volume of the gas, is deposited on the walls 
of the tube. Hence two volumes of phosphine furnish three volumes 
of hydrogen; otherwise expressed, bv Avogadro's hypothesis, two 
molecules of phosphine give three molecules of hydrogen : 

Hence the formula must be P„H 3 where n is still to be determined. 

The vapour density of phosphine is 17 (H 2 =1), hence n = 1, and 
the formula is PH 3 . 

Phosphonium Compounds 

When dry phosphine is brought into contact with dry hydrogen 
chloride, bromide or iodide at high pressures, the gases unite, forming 
phosphonium compounds, e.g., 

PH 3 + HCI = PH 4 C1. 

This behaviour is reminiscent of that of ammonia which forms ammo¬ 
nium compounds in a similar manner (page -104). and the radical, 
PH 4 , phosphonium, is analogous to NH,. ammonium. Phosphine is, 
however, a very much feebler base than ammonia. 

The best known phosphonium salt is phosphonium iodide, PH 4 I. 
It is made by dissolving phosphorus and iodine in carbon disulphide 
in a retort, and then distilling off the carbon disulphide. The residue 
is then treated drop by drop with the exact quantity of water indicated 
by the equation (below), and the phosphonium iodide is sublimed 
through a wide tube into a bottle, in a stream of carbon dioxide. The 
reaction is represented: 

51 + 9P + l0H 2 O = 5PH 4 I + 4H 3 P0 4 . 

Phosphonium iodide crystallizes in large quadratic prisms with a 
brilliant lustre. It is an unstable salt readily dissociating into hydro¬ 
gen iodide and phosphine, even at as low a temperature as 30°. lhe 
crystals can be sublimed without melting. I hey fume in air, and in 
contact with water form hydrogen phosphide and hydrogen iodide. 
With potassium hydroxide, fairly pure phosphine is obtained: 

PH 4 I + KOH = PH 3 + KI + HA 
Phosphonium iodide is used as a reducing agent, and in the preparation 
of organic phosphines. 

Phosphorus Dihydride, Liquid Hydrogen Phosphide, P-H, 

When calcium phosphide, Ca 3 P., is treated with water, and the gas 
evolved is passed through a spiral tube in order to condense water 
and then through a U-tube immersed in a freezing-mixture of ice and 
salt a colourless liquid is obtained which is spontaneously inflammable 
when exposed to air. This is the so-called liquid hydrogen phosphide. 
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and is a colourless liquid which boils at 57° to 58°. It decomposes on 
standing, yielding the solid hydride (see below). Its empirical formula 
is PH 2 ; the vapour density corresponds approximately with the 
molecular formula P 2 H 4 , which is analogous with hydrazine N 2 H 4 . 

Solid phosphorus hydride, P 12 H 6 , is also formed in the reaction 
between calcium phosphide and water, and also when the liquid 
phosphide is exposed to light, or heated above its boiling point: 

15P 2 H 4 = P l2 H 6 + 18PH 3 . 

It is a yellow' solid, which is decomposed by heat into phosphine and 
phosphorus. Its empirical formula is P 2 H; but the depression of the 
freezing point of its solution in molten phosphorus corresponds to a 
molecule, P 12 H 6 . 

Recently Royen and Hill (1936) have suggested that this hydride 
consists of phosphorus with an adsorbed layer of phosphine and that it 
is not a true hydride. 

Several other solid hydrides have been reported, but there is some 
doubt about their real existence. 

§ 8 Oxides of Phosphorus 

1 hrce oxides of phosphorus are definitely known, viz.: 

Phosphorous oxide, phosphorus trioxide, P 2 0 3 or P 4 0 6 ; 

Phosphorus tetroxide, P 2 0 4 ; 

Phosphorus pentoxide, P 2 0 5 or P 4 O 10 . 

A suboxide has also been reported, but is probably impure red phos¬ 
phorus; a peroxide (P0 3 )„, described by Schenck and Platz (1936), 
awaits confirmation. 

Phosphorous oxide, phosphorus trioxide, P 2 0 3 or P 4 0 6 , is formed, 
along with phosphorus pentoxide. when phosphorus is burned in a 
limited supply of air. Some yellow phosphorus is placed in a glass 
tube A, bent as shown in Fig. 31.4, and fitted into one end of a long 



Fig 31.4.—Preparation of Phosphorous Oxide 


tube cooled by a jacket B containing w'ater at 60°. The cooled tube 
is fitted to a U-tube C immersed in a freezing mixture; a plug of glass- 
wool is placed in the condenser tube near the U-tube. The phosphorus 
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is ignited, and a slow stream of air is drawn through the apparatu* 
by means of an aspirator connected to the U-tube. The phosphorus 
pentoxide is arrested by the glass-wool, and phosphorous oxide passes 
into the U-tube, where it is condensed into a white crystalline mass. 
The wash-bottle E, with concentrated sulphuric acid, protects the pro¬ 
duct from moisture. At the end of the experiment, the solid in the 
U-tube can be melted and run into the bottle D. 

Phosphorous oxide, so obtained, is a mass ot monoclinic prisms, 
which melts at 22-5° and boils at 173°. It smells like garlic and is 
poisonous. When exposed to the air, it is gradually oxidized to the 
pentoxide, and when placed in warm oxygen it bursts into tlame. It 
also ignites spontaneously in chlorine. It is slowly attacked by cold 
water, forming phosphorous acid, H 3 PO s , and with hot water it 
forms red phosphorus, and phosphine. The vapour density corresponds 
to the formula P 4 0 4 . while the lowering of the freezing points of its 
solutions in benzene and naphthalene indicates the same value. 


Phosphorus letroxidc. P t 0 4 . is obtained by heating phosphorus trioxide m 
a sealed tube to 440°. when the tnoxidc decomposes, and the tetroxide appears 
as a crystalline sublimate. It is thus obtained in colourless, transparent crystals 
which with water form a solution consisting of a mixture of phosphorous and 

phosphoric acids: ^ + ^ _ „ >POi + H ,PO.. 

It is thus analogous to nitrogen tetroxide (page 43-). 


Phosphorus Pentoxide, Phosphoric Oxide, P 8 0 5 or P,0, 0 

When phosphorus is burnt in an excess of dried air or oxygen, white 
clouds of phosphorus pentoxide condense as a voluminous powder 
Small quantities of other oxides may be formed at the same time and 
it is best purified by heating it to «X)«-700° m an iron tube attached 
to a glass tube through which oxygen is passing at a fairly rapid rate. 
The pentoxide is vaporized and condenses in the glass tube. 

Phosphorus pentoxide is a white solid, which is said to exist m three 
forms: crystalline, amorphous and vitreous 1 he exact number and 
relation of the forms is still in doubt It sublimes veryslowlynoO. 
but at 250° the sublimation is rapid. The vapour density at 1400 
corresponds with the molecular formula P 4 O l0 ; but the simple 
formula, P s 0 6 , is often adopted for convenience and on account ol 
our ienorance of the molecular formula of the solid oxide. 

Phosphorus pentoxide is extremely hygroscopic, and it absorbs 
moisture from the air very quickly; hence its use for drying gases 
When thrown into water, combination occurs with a hissing sound 
resembling the quenching of red-hot iron, and metaphosphonc acid is 

f0rmCd: P,O t + H,0 = 2HPO s . 

When this solution is boiled with water, or when the phosphorus 
pentoxide is thrown into hot water, orthophosphonc acid is formed. 

P,0 4 + 3H.O = 2H,P0 4 . 
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The affinity of phosphorus pentoxide for water is so great that, as 
well as being the most powerful drying agent known, it can withdraw 
the elements of water from many organic and inorganic compounds. 
Thus, it converts nitric acid into nitrogen pentoxide (page 436). The 
acid—P(OH) 6 , the true ortho-acid—is not known. 


§ 9 The Acids of Phosphorus 

The best defined acids of phosphorus are: 

Hypophosphorous acid, H 3 P0 2 , 

Phosphorous acid, H 3 P0 3 , 

Hypophosphoric acid, H 4 P 2 0 6 , 

Orthophosphoric acid, H 3 P0 4 , 

Pyrophosphoric acid, H 4 P 2 0 7 , 

Metaphosphoric acid, HP0 3 . 

Hypophosphorous Acid, H,PO t 

When yellow phosphorus is heated with alkalis (as in the preparation of phos¬ 
phine, page 759) hypophosphites are formed. If barium hydroxide be used, 
free hypophosphorous acid can be obtained from the product by addition of the 
calculated quantity of sulphuric acid: 

3Ba(OH) t + 8P + GH,0 = 2PH, -f- 3Ba(H 1 PO s )„ 

3Ba(HjPO t ) f -f 3H 8 $0 4 = 3BaS0 4 -f 6H,PO t . 

After filtering the precipitated barium sulphate, the solution can be concentrated 
by evaporation and hypophosphorous acid obtained as a colourless crystalline 
solid, melting at 26-4°. 

Hypophosphorous acid is a monobasic acid (i.e., only one ot the three hydrogen 
atoms is replaceable by a metal). The acid and its salts are very powerful 
reducing agents; thus, with copper sulphate, a red precipitate, believed to be 
copper hydride, Cu,H,. is obtained: 

3HjPO, -f GH,0 + 4CuS0 4 = 3H,P0 4 + 4H t S0 4 + 2Cu t H t . 

This reaction is used lor the detection ol hypophosphites. 

Hypophosphorous acid is itself reduced by zinc and hydrochloric acid to 
phosphine. The constitution of the acid is discussed, along with that of other 
acids of phosphorus, below (page 7G7). 

Phosphorous Acid, H 3 P0 3 

This acid is formed by the action of water upon phosphorous oxide: 

P 4 0 6 + 6H 2 0 = H 3 P0 3 , 

or by the action of water on phosphorus trichloride: 

PC1 3 -f- 3H..O = H. t PO ; , -f 3HC1, 

or by passing a stream of chlorine through water beneath which 
phosphorus is melted. The solution is evaporated until the tempera¬ 
ture has reached 180", when, on cooling, it solidifies to a crystalline 
solid which melts at 73 6°. When heated, phosphorous acid decom¬ 
poses into phosphine and orthophosphoric acid: 

4H 3 P0 3 = 3H 3 P0 4 + PH 3 . 
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It is a powerful reducing agent and reduces salts of copper, etc., to the 
metal, e.g.: 

H 3 PO 3 + CuS0 4 + H 2 0 = H 3 P0 4 + H 2 S0 4 -f Cu. 

It also absorbs oxygen, forming phosphoric acid; while it is reduced 
by zinc and hydrochloric acid to phosphine. 

The salts of phosphorous acid—the phosphites—are soluble in 
water, and like the acid are strong reducing agents. Those of the 
alkali metals have an alkaline reaction in solution A number of salts 
is known, derived from various polyphosphorous acids, by removing 
molecules of water from one or more molecules of an ordinary phos¬ 
phite. Of these, pyrophosphites. from H 4 P 2 O s , and metaphosphites, 
from HPOj may be mentioned. 

Hypophosphoric Acid, H 4 P,0, 

A mixture ol hypophosphoric. phosphoric and phosphorous acids is formed 
when phosphorus is exposed to a limited supply of moist air Hypophosphoric 
acid can be isolated as follows. Water made slightly aod with sulphuric or 
formic acid is electrolysed, using copper phosphide as anode and copper as 
cathode. When the resulting solution is treated with lead .acetate an insoluble 
precipitate ot lead hypophosphatc. Pb t P f O.. is formed 1 his salt ,s filtered from 
thTSution. and washed with hot water. The precipitate is suspended in water, 
and a current of hydrogen sulphide passed through the solution Lead sulphide. 
PbS is precipitated, and a solution of free hypophospliorn at id is obtained. On 
evaporation, the excess of hydrogen sulphide is driven from the solution, hut the 
evaporation cannot be carried very far without decomposing the acid Hence. 
Sution must be- lur.hcr evaporated in a desiccator ,, sulphuric 

acid In time tabular, rhombic crystals of the h>dratc ll 4 l ,o 4 separate. 

The'crystals melt at 02*. Further desiccation of the crystals over sulphuric 
Idd the anhydrous acid. H.P.O. melting at 70 . ihc acid ,s 

stable at ordinary temperatures, and is hydrolysed by the mineral acids, forming 
a mixture of phosphoric and phosphorous acids. 

H 4 P t O # + H a O =* H,PO, + HjPO, 

The exact molecular formula of this acid was for long in doubt, but it has now 

^T*^*^* t'^-m^ol^he sadu lI (Bei? 4 *t'^*Sugdk*n, C< | l 033). O and O ol'^h<r^rate n of 
hydroljreSs'o^^the acid which indicites a unimolecular reaction (Rosenheim and 
Zilg. 1928). 

§ 10 The Phosphoric Acids 

Three well-defined phosphoric acids are known corresponding to 
various degrees of condensation and dehydration of the ortho-acid. 

Theoretically the true orthophosphoric acid would be I (OH), or 
H PO, but this is not known, and the first dehydration product of 
this hypothetical acid. i.e.. H 3 P0 4 . is called orthophosphonc ac.tk 
Two other acids are known derived from this acid, vu pyrophosphonc 
arid H P O, by loss of one molecule of water from two molecules of 
H^POV; and mctaphosphoric acid. HPO,. by loss of one molecule of 

water from one molecule of H 3 P0 4 . , . * 

Orthophosphoric acid, H 3 P0 4 , is formed when phosphorus pentoxide 

is added to water and the solution is boiled. 

P 2 0 6 + 3H a 0 = 2 II 3 PO 4 . 
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It is also formed when red phosphorus is boiled with 16 parts of nitric 
acid (of specific gravity between 1-20 and 1*25) and a trace of iodine, 
in a flask fitted with a reflux condenser. Torrents of nitrous fumes 
are evolved. When the action has ceased the solution is diluted with 
an equal volume of water, filtered and evaporated until no more acid 
fumes are given off, the temperature being kept below 180° in order 
to prevent decomposition of the orthophosphoric acid. It is then cooled 
in a vacuum desiccator over concentrated sulphuric acid; deliquescent 
crystals are slowly deposited. 

Commercially, orthophosphoric acid is made by the action of 
sulphuric acid on bone ash. 

Orthophosphoric acid is a colourless, syrupy liquid, which can be 
obtained by concentration in vacuo in six-sided prismatic crystals 
melting at 42-3°. It is not volatile, but dissolves readily in water with 
which it is miscible in all proportions. On heating, it decomposes, 
pyrophosphoric acid being formed at about 250°: 

2H 3 P0 4 = H 4 P 2 0 7 + H 2 0, 
and metaphosphoric acid on further heating: 

H 4 P 2 0 7 = 2HPO, 4- H 2 0. 

Orthophosphoric acid is a tribasic acid, and so forms three series of 
salts; e.g., Na 3 P0 4 . 12H.O, Na.IIPO,. 12H 2 0 and NaH s P0,.H,0. 
The first (the normal salt) is alkaline to litmus, the second is almost 
neutral, and the third is acidic to litmus. Orthophosphoric acid is 
comparatively weak and appears to furnish ions thus at moderate 
dilutions: 

H 3 PO| ^ H ’ 4- H 2 PO t * ^ 2H’ 4- HPO/' 

ICven at extreme dilutions, the further dissociation into PO,"' ions is 
only partial. The acidic functions of the three hydrogen ions vary 
greatly so that, when phosphoric acid is titrated with sodium hydroxide 
solution, using methyl orange as indicator, the colour change takes 
place when NaH 2 P0 4 has been formed. Similarly, if phenolphthalein 
is used as indicator, the change takes place when Na 2 HP0 4 has been 
formed. The acidity of the last dissociation is so slight that no indicator 
will indicate the formation of Na 3 P0 4 . 

Pyrophosphoric Acid, H 4 P 2 0 7 

This acid is made by heating orthophosphoric acid to between 250" 
and 260° for some time. 

2H*POj = H,Po0 7 4 - H 2 0. 

It is a colourless, low melting solid which is reconverted by boiling 
water into the ortho-acid. It is a tetrabasic acid, as is shown by the 
molecular weight of its ethyl ester; but so far only two series of salts, 
e.g., Na 2 H 2 P 2 0 7 and Na 4 P 2 0 7 , have been obtained. 
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Metaphosphoric Acid, HP0 3 

This acid is formed as a viscous solid when phosphorus pentoxide is 
left exposed to moist air; it is also obtained by heating ammonium 
orthophosphate, or pyro- or orthophosphoric acid to a red heat : 

H 3 P0 4 = HPO 3 + HoO. 

Metaphosphoric acid is a transparent vitreous solid, sometimes called 
glacial phosphoric acid. It fuses at about 38°-4l°, and the commercial 
acid is usually cast in sticks. It is readily soluble in water, and the 
solution passes, slowly in the cold and rapidly on boiling, into ortho- 
phosphoric acid. 

Sodium hexametaphosphate, Na 2 (Na 4 (P0 3 ) 6 ] is used for softening 
water under the name calgon, and is made by heating ordinary sodium 
phosphate or microcosmic salt (page 596) to redness: 

- 6NaH 2 P0 4 = Na 2 [Na 4 (P0 3 ) 6 ] + 6 H s O; 

6Na(NH 4 )HP0 4 = Na 2 (Na 4 (P0 3 ) 6 ] + 6 NH 3 + 6H 2 0. 


The Structure of the Acids of Phosphorus 

The structures to be assigned to the acids of phosphorus have to 
take into account the facts about the behaviour of these acids already 
mentioned; in particular that 

(i) hypophosphorous acid is monobasic; 

(ii) phosphorous acid is probably dibasic—-or, at least, exists in a 
dibasic form; 

(iii) phosphoric acid is tribasic; is formed from phosphorus oxy¬ 
chloride, and hence from phosphorus pentachloride bv the action of 


water. 

These facts are now 
formulae: 


sometimes embodied in the following electronic 
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Hypophosphoric acid 
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Metaphosphoric acid 
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§ 11 Detection and Determination of Phosphates 

Orthophosphates are usually detected by the formation of a yellow 
precipitate of ammonium phospho-molybdate on warming a nitric acid 
solution of the phosphate with ammonium molybdate. Metaphos¬ 
phates and pyrophosphates give a similar precipitate since they are 
converted into orthophosphates by heating with nitric acid. 

The three phosphoric acids and their salts are distinguished by the 
difference in their behaviour towards silver nitrate, albumen, etc., as 
indicated in Table LVI. 


Table LVI.— Reactions of the Phosphoric Acids 



Orthophosphoric 

acid 

Pyrophosphoric 

?cid 

Metaphosphoric 

acid 

Silver nitrate 

Canary-yellow 

v, PP ' . 

No pp. (if alkaline, 
white pp.) 

White cryst. pp. 

White gelatinous 

Barium salts. 

No pp. (it alkaline, 
white pp.) 

White precipitate 

Albumen 

Nil 

Nil 

Coagulated 

Zinc acetate 

Nil 

Insoluble pp. 

Nil 

Aluminium salts"! 

Soluble in acetic 

Insoluble in acetic 

Insoluble in acetic 

Cliromium salts / 

acid 

acid 

acid 

Cobalt salts . 

Blue: soluble in 

Red; insoluble in 

Red; insoluble in 


acetic acid 

acetic acid 

acetic acid 

Copper salts 

Bismuth salt alka- 

Nil 

Precipitate 

Nil 

line (solution) 

Nil 

Nil 

Precipitate 
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Phosphates are determined by precipitation as magnesium ammo¬ 
nium phosphate—MgNH,P0,.bH 2 0—by adding magnesium sulphate 
or chloride and ammonium chloride to the solution of the phosphate 
which has been made alkaline with ammonia. I he magnesium ammo¬ 
nium phosphate which is precipitated is filtered off. washed and 
heated to redness. It is thus converted into magnesium pyrophosphate 
—Mg 2 P 2 0 7 —and is weighed as such. 

Phosphates which are soluble in water or acetic acid may be deter¬ 
mined volumetrically by titration with uranyl nitrate or acetate 
solution, in presence of ammonium acetate. Potassium ferrocyanide 
is used as external indicator: 


KH..PO. -f U0 o(CH 3 C0 2 ) 2 + CH,C0 2 NH 4 

= U0 2 .NH 4 P0 4 4- CH 3 C0 2 K 4- 2CH 3 C0 2 H. 


§ 12 The Halides of Phosphorus 

Phosphorus forms two series ol compounds with the halogens, 
represented by the general formulae PX ; , and PX 3 . It is doubtful if 
the penta-iodide has been obtained, but otherwise all the members of 
both series are known. I he oxyhalides POX, are also known. 

Phosphorus Trifluoride, PF 3 

Phosphorus trifluoride is made by the action ol copper phosphide on lead 
fluoride; or by allowing arsenic fluoride to drop slowly into phosphorus trichloride 
with the exclusion of moisture: 

3PbF, -F CujP* = 3Pb -F 2Cu 2PF, 

AsF, -F PCI, = AsCI, -F PFj. 

It is a colourless gas. which can bo condensed to a liquid boiling at - 9.V and 
frozen to a solid, melting at - 100* With water, it forms hydrofluoro-pliosplionc 
acid and phosphorous acid : 

3H,Q + 2PF, = HjPO, + HPF, + 2HF 
When subjected to electric sparks, it decomposes into the pentafluonde: 

f>PF, = 3PF, -F 2P, 


Phosphorus Pentafluoride, PF, 

This compound is made by the action of arsenic trifluoride on phosphorus 
pentachloriue: ^ + 3pa> _ flAsClj + 3 PF. 

It is a colourless gas which is hydrolysed by water, and which condenses to a 
liquid boiling at -75°. and freezes to a solid, melting at -W 1 hc '^pour 

density of phosphorus pentafluoride is normal, viz. WIHr- . . 

Phosphoryl fluoride, phosphorus oxyfluoridc. I Ol ,. .> a r " h 

oxychloride* (q.v.) in properties, which condenses to a colourless liquid, boiling 

at -40° and freezing to a white solid m.p - 


Phosphorus Trichloride, PC1 3 

This compound is made by the action of dry chlorine on yellow 

phosphorus in the apparatus indicated in Hg. dl..». . 

This consists of a retort containing a layer of sand on which rests 


2C 



770 


MODERN INORGANIC CHEMISTRY 


[Chap. 

a quantity of dry yellow phosphorus the air having been displaced by 
carbon dioxide. The retort is heated gently. Chlorine, dried by sulphuric 
acid is passed in by means of a movable tube. The distance of this tube 



Fig. 31.5.—Preparation of Phosphorus Trichloride 

is so arranged that the phosphorus does not distil (which occurs if it is 
too near), neither is the pentachloride formed (which happens if it is 
too far off). When the action has begun, a tongue of flame projects 
from the chlorine tube, and the retort does not need any further heat¬ 
ing, until at the end it is warmed gently to drive the last of the trich¬ 
loride into the receiver. The product is purified by redistilling it over 

yellow phosphorus to convert any pentachloride 
present into trichloride. 

Phosphorus trichloride is a mobile liquid with 
an unpleasant smell. It boils at 73-5°, fumes in 
air and is hydrolysed by water, forming phos¬ 
phorous acid and hydrochloric acid: 

PC1 3 + 3H 2 0 = H 3 P0 3 + 3HC1. 

It can be frozen to a solid which melts at - 112°. 

Phosphorus pentachloride, PC1 5 , is best pre¬ 
pared by the action of excess of chlorine on the 
trichloride. It is convenient to prepare it in the 
vessel in which it is to be stored, as shown in 
Fig. 31.6. 

PC1 3 + Cl 2 = PC1 S . 

It can also be made by the direct action of chlorine on yellow phos¬ 
phorus ; or by the action of sulphur chloride on phosphorus trichloride: 

3PC1 3 + S 2 Ci 2 = PC1 5 + 2PSC1 3 . 

Phosphorus pentachloride when pure is an almost colourless solid; 
as obtained it is usually pale greenish-yellow. It sublimes below 
100°, but if heated under fuffiure melts at 148°. It reacts violently 

r-> r v'L.s . 

. j 



Fig. 31.G. 

Preparation of Phos 
phorus Pentachloride 
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with water, forming first the oxychloride, and then orthophosphoric 

aCld: PC1 S + H 2 0 = POCI 3 + 2HCI 

POCl 3 + 3H,0 = H 3 PO, + 3HC1. 

Like phosphorus trichloride, it is a valuable reagent for transforming 
hydroxyl compounds into chlorides, and finds extensive use for this 

nuroose in organic chemistry. . 

The vapour density of phosphorus pentachloride varies with tempera¬ 
ture The following values were obtained by J. B. Dumas: 

Temperature . . . 182° 200* 250° 300; 

Vapour density . • 73-3 '° °'* 6 5 “' 4 

The theoretical value for PC1 5 is 104-25 (H ? = 1). It is inferred 
therefore that dissociation is taking place into free chlorine and 

phosphorus trichloride : ^ ^ ^ + ^ 

This has been confirmed experimentally by the facts that starch 
potassium iodide papers give the characteristic blue coloration 
produced bv chlorine when immersed in the vapour of phosphorus 
pentachloride; and that addition of chlorine reduces the amount of 
dissociation as would be expected from the application of the Law of 
M^Action to the equilibrium. Thus, with the notation previously 

employed we have: 

Ircu 

Ci>ci s -Cci, 

Consequently, if the concentration of chlorine or of phosphorus tri¬ 
chloride be raised, by addition of one or other, to the system in equili¬ 
brium some combination will take place, and the concentration of the 
pentachloride will be thereby increased. That is. its dissociation wall 

be Th?s U c e x d pectation was confirmed experimentally by H. Wurtz in 
1873 He found that if the pentachloride be volatilized in an atmo¬ 
sphere of the trichloride, the vapour density is nearly normal. 103 3 

bC It V h e Jl been "argued* that because phosphorus pentachloride splits up 
so readily into the trichloride and chlorine two of the chlorine atoms 
in the pentachloride are differently linked to the phosphorus atom. 
Suedcn has used this argument in support of his suggestion that two 
of S the chlorine atoms are united to the phosphorus atom b\ single- 
electron links, thus making it possible to construct a model of the 
molecule without increasing the number of electrons in the outermost 
(valency) shell of the phosphorus atom beyond eight The inference is. 
however logically invalid, for although a molecule so constructed 
would indeed be expected to dissociate in the way observed, it does not 
follow that no other cause of the observed phenomena is possible. 
Or otherwise expressed, the converse of the statement is not necessarily 
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true. It might be, for instance, that the behaviour of phosphorus 
pentachloride is due to overcrowding of chlorine atoms round the 
phosphorus atom. 

It may be noted that phosphorus pentafiuoride gives a normal 
vapour density. Also, it has now been shown (Clark, Powell and Todd, 
1942) as a result of X-ray examination that the solid is composed of 
a lattice of PCi 4 + and PC1 6 " ions. 

Phosphoryl Chloride, Phosphorus Oxychloride, P0C1 3 

This compound can be made by very carefully adding water to 
phosphorus pentachloride until the solid disappears: 

* PC1 5 4 - H 2 0 = POCl 3 + 2HC1. 

It is also made by gradual addition of powdered potassium chlorate to 
phosphorus trichloride at ordinary temperatures, and distillation of 
the mixture: 

3PC1 3 + KCIO 3 = 3P0C1 3 -f KC1. 

It is now manufactured from finely ground phosphate rock which 
is mixed with activated coke and then treated with chlorine (some¬ 
times mixed with carbon monoxide) at 400°. 

Ca 3 (P0 4 ) 2 4 - 6C1 2 4- 6C = 2P0C1 3 4 - 3CaCl 2 -f 6CO, 
Ca 3 (P0 4 ) 2 + 6C1 2 4 - 6CO = 2POC1, 4- 3CaCl 2 4- 6C0 2 . 

Phosphorus oxychloride is a colourless fuming liquid which boils at 
107-2° and can be solidified to a colourless crystalline mass melting at 
-1-25°. In aqueous solution it is slowly hydrolysed to phosphoric 
and hydrochloric acids. 

Phosphorus Tribromidc, PBr, 

Phosphorus tribromidc is made by gradually adding a solution of bromine in 
carbon disulphide to dry red phosphorus; or to a solution of phosphorus in 
carbon disulphide; or better, to phosphorus covered with a layer of benzene. 
After the action is over, the solvent is distilled off. after which the phosphorus 
tribromidc is distilled. It closely resembles the trichloride in properties, but is 
denser, and it boils at 172-9°. 

Phosphorus pentabromide. PBr $ . is made by the action ol bromine on phos¬ 
phorus tribromide. It is a yellow solid resembling the pentachloride. but less 
vigorous in its reactions. 

Phosphoryl bromide. POBr s . is made similarly to the chloride, and is a colourless 
liquid boiling at 193°. 

Phosphorus iri-iodide, PI,, is made by mixing solutions in carbon disulphide 
ol equivalent quantities of iodine and of yellow phosphorus. On distilling off the 
solvent, the tri-iodide remains as a reddish crystalline solid of m.p fil° which 
dissociates when heated. 

Phosphorus di-iodidc. I%I 4 . *s obtained in orange-red crystals, which melt at 
110°, when iodine and phosphorus are melted together 

Phosphorus penta-iodide has been reported, but its existence is doubtlul. 

§ 13 Sulphides of Phosphorus 

Several compounds ot sulphur and phosphorus have been reported ol which 
P,S* P 4 S, and P,S 3 appear to be definite chemical compounds. They are pro- 
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pared by cautiously heating appropriate proportions ol sulphur and red phos¬ 
phorus in an inert atmosphere (c.g., carbon dioxide). 

Phosphorus pcntasulphide. P t S 4 . is a pale yellow crystalline mass, which 
melts at 276° and boils at 514° It is hydrolysed by water: 

P,S $ 4- 8H,G = 2H,P0 4 + oH,S. 

and is used in organic chemistry for the replacement ol the oxygen of hydroxy 

croups by sulphur „ . . _... . 

Phosphorus sesquisulphide. P 4 S„ is a grey crystalline mass which dissolves 

in alkali sulphides, and is slowly attacked by water It melts at 1 o ami 
boils at 407-5° It is used in the manufacture ol matches. 


§ 14 Arsenic, As. History, Occurrence and Preparation 
History 

Arsenic was known to the ancients and considered by them to be a 
kind of sulphur. Aristotle mentions a substance, oai'bapax'i 
(sandarache). which appears to have been red arsenic sulphide or 
realgar and was called by Theophrastus apotiix o. (arscinkon). 
meaning " potent "; the yellow sulphide was called annfngn.entum 
and arsenic,,,,,. The former term was afterwards contracted to 
orpiment. a term which remains with us to-day. The element arsenic 
was prepared by Albertus Magnus about l-’SO. and it was considered 
by the later alchemists to be a bastard or semi-metal. 

Occurrence . 

The clement occurs free, and combined in a great number of mineral* 
—oxide, arsenolite, As 4 O c ; sulphides, realgar, As.S,; orpiment, : 

mispickel or arsenical pyrites. FeAsS; cobalt,te or cobalt glance. CoAsS. 
arsenides— tin white cobalt. CoAs a ; arsenical iron. FeAs and Fe.As,. 
nUke! glance. NiAsS; kupfernickel. NiAs. Arsenic also occurs ... 
most samples of pyrites and hence it finds its way into sulphuric acid 
when sulphur dioxide is made by roasting pyrites. Arsenic is also 
found in commercial zinc ; and in the smoke from coa when the coal 
contains pyrites; hence also arsenic finds its way into the atmosphere 
of towns, where it can be detected, particularly in foggy weather. 
Arsenic is also found in some mineral waters—e.g.. Levico, Roncegno. 
etc A Gautier says that traces also occur normally in the human 
bodv The mere qualitative detection of arsenic does not therefore 
give much information unless the operation is more or less quantitative. 


Preparation 

The element arsenic can be prepared by heating a mixture of the 
oxide, As 4 O u ; with powdered charcoal in a clay crucible: 

As 4 O e 0C = OCO + 4As. 

The crucible is provided with a conical iron cap in which the arsenic 
sublimes. Most of the commercial arsenic is either a natural product, 
or else it is made by heating mispickel in a clay tube fitted half its 
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length with an inner sheet-iron tube. The arsenic sublimes into the 
iron tube. By withdrawing and unrolling the tube, the element 
arsenic is obtained: 

FeAsS = FeS + As. 

The arsenic so obtained is not very pure. It is purified by resublimation 
from a mixture of the crude element and charcoal. 


§ 15 Properties, Uses, etc., of Arsenic 

Properties 

Like phosphorus, arsenic exhibits allotropy, and three forms are 
ordinarily distinguished. 

Ordinary arsenic is a steel-grey, metallic-looking substance, which 
forms hexagonal rhombohedral crystals with a bright lustre. This is 
known as grey arsenic or y-arsenic. When this form is quickly heated 
in a current of hydrogen, black glittering hexagonal crystals are 
deposited nearest the hot portion of the tube, and further on a yellow 
powder. The former is known as (3-arsenic, black arsenic or metallic 
arsenic, and is formed by slow condensation of arsenic vapour. Its 
specific gravity is 4-7. At 300° it passes into the grey variety. 

The yellow powder, known as a-arsenic or yellow arsenic, is formed 
by rapid condensation of arsenic vapour. It is soluble in carbon 
disulphide (in which it resembles yellow phosphorus) and it is deposited 
from this solution in rhombohedral crystals. It is very sensitive to 
light, which quickly converts it into the grey variety. Its specific 
gravity is 2-0. 

Grey arsenic is brittle, and, like the metals, it is a good conductor of 
heat. Its specific gravity—5*7—is higher than typical non-metals. 
In general physical properties grey arsenic resembles the metals, but 
otherwise it is classed with phosphorus among the non-metals. At 
atmospheric pressures it sublimes very slowly at about 100°, and very 
rapidly at a dull red heat, without melting. If heated under pressure 
in a sealed tube, it melts at about 814°, but under ordinary pressures it 
sublimes without melting. The vapour is lemon-yellow, and it smells 
like garlic. Arsenic is not altered by exposure to dry air, but in moist 
air a surface film of oxide is formed. At 180° it burns with a bluish 
flame, forming arscnious oxide, As 4 O e . It combines directly with 
chlorine at ordinary temperatures, forming arsenic trichloride, AsCl 3 . 
It also combines directly with the other halogens and sulphur. Arsenic 
is insoluble in solutions of alkali hydroxides and is unattacked by those 
acids which are not oxidizing agents. 

Dilute sulphuric acid has very little action on arsenic, but hot 
concentrated sulphuric acid dissolves arsenic, forming sulphur dioxide 
and probably a very unstable arsenic sulphate, As 2 (S0 1 ) 3 , w’hich imme¬ 
diately decomposes into the oxide. Dilute nitric acid in the cold has 
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very little action, but the hot acid oxidizes the element to arsenic 
acid—H 3 As 0 4 , or As 2 0 5 : 

GAs + IOHNO 3 = 3As 2 O s + 5H 2 0 + 10NO. 
Concentrated nitric acid and aqua regia also form arsenic acid. 


Uses 

Arsenic is used in the manufacture of arsenic compounds, e.g., 
arsenic trioxide (q.v.) and in certain alloys, e.g., in the arsenical copper 
(0-3-0-5 per cent As) used for boiler tube plates and stays. It is used 
in traces for hardening lead for making shot. It is employed for the 
manufacture of pigments, and, by way of the trioxide, finds many uses 
in industry. Arsenates, particularly lead arsenate, are extensively 
employed as insecticides and weed-killers. 


Atomic and Molecular Weight of Arsenic 

The molecular weights of volatile arsenic compounds, the position 
of arsenic in the Periodic Table and the application of Dulong and 
Petit’s Law indicate a value in the neighbourhood of 75 for the atomic 

Accurate determinations have been made by conversion of siher 
arsenate into silver bromide and silver chloride. Baxter and his 
collaborators synthesized very pure arsenic trichloride and tribromide 
and converted* them into the corresponding silver halides. By this 
method they obtained, as the average of the results of a long series of 
experiments, the value 74-91. They also hydrolysed weighed quanti¬ 
ties of the trichloride with sodium hydroxide in vacuo and determined 
the amount of iodine pentoxide exactly equivalent to this solution 
The mean of these experiments was 74*911. I he value at present 

recommended by the International Committee is 74-9L 

The vapour density of arsenic at 860 is 147 (H 2 — 1). at 1714 it 
is 79 and at 1730°, 77. The molecular weight at high temperatures 
thus corresponds to a molecule As 2 and at lower temperatures to As 4 

The effect of yellow arsenic on the boiling point and freezing point 
of carbon disulphide corresponds with a molecule As,. 


§ 16 Hydrides and Oxides of Arsenic 
Arsenic Hydride, Arsine, AsH 3 

Arsenic does not unite directly with hydrogen, but the hydride is 
produced by the action of nascent hydrogen, from zinc or magnesium 
and dilute hydrochloric or sulphuric acids, upon a solution containing 
arsenic Arsine is also formed by the action of the nascent hydrogen 
from potassium hydroxide and zinc, upon solutions of arsenic 

C °Prepared in this way. the gas is mixed with much hydrogen. It can 
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be made almost free from hydrogen by the action of dilute sulphuric 
acid upon sodium arsenide or zinc arsenide: 

Zn 3 As 2 4 - 3H 2 S0 4 = 2AsH 3 4 - 3ZnS0 4 . 

It can be obtained quite pure by drying, and then liquefying at - 100 °. 

Arsine is a very poisonous gas; one bubble is said to have produced 
fatal effects. It is colourless, has an unpleasant smell, and is a powerful 
reducing agent. It liquefies at -55° and solidifies at -113-5°. It 
is very unstable, and when heated to about 230°, decomposes and 
deposits arsenic in the form of a metallic film. It is also decomposed 
by electric sparks, and explodes if detonated with mercury fulminate. 
Arsine bums in air with a blue flame, forming arsenic trioxide; but if 
the flame is brought into contact with a cold surface, arsenic is de¬ 
posited. The formation of arsine is used in Marsh’s test for the detec¬ 
tion of arsenic (see page 781). 

With concentrated silver nitrate solution, arsine gives a yellow 
double compound of silver arsenide and silver nitrate: 

AsH 4 + 6AgN0 3 = Ag 3 As.3AgN0 3 + 3HN0 3 . 

This is slowly decomposed by water with the formation of a black 
precipitate of metallic silver: 

Ag 3 As.3AgN0 3 4 3H 2 0 = 6 Ag 4 3HN0 3 4- H 3 As0 3 . 

If dilute silver nitrate be used, silver is precipitated at once. 

The composition of arsine can be determined by passing electric 
sparks through the gas, when three volumes of hydrogen are formed 
from two of arsine: 

2AsH 3 = 2As 4- 3H.». 

2 vols. 3 vofs. 

If the gas be passed over hot weighed copper oxide and the resulting 
water and copper arsenide weighed, the composition can be shown to 
correspond to AsH 3 . The vapour density of arsine (H 2 = 1) is 38-95, 
corresponding to a molecule AsH 3 . 

Arsenic dthydridc ?As t H t , n* obtained as a velvety brown powder when 
arsine is partially oxidized; when a jet of burning arsine impinges on porcelain; 
when potassium arsenide. K,As. obtained by the reaction: 

3KOH + AsH 3 = K,As + 3H.O, 

is treated with water: 

2K,As -f «H,0 = As t M, + OKOH + 2H,; 

when an electric discharge acts on arsine; and when water is electrolysed with 
an arsenic cathode. 


Arsenic Trioxide, Arsenious Oxide, As.O., or As.,O tt 

This oxide is the most important compound of arsenic, and in 
commerce is often called white arsenic , or simply “arsenic." Small 
quantities occur free in nature. Arsenic trioxide is formed by oxidizing 
arsenic with nitric acid, and by the combustion of arsenic, which. 
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unlike phosphorus, only oxidizes to the trioxide when burnt. It is 
manufactured as a by-product of the roasting of arsenical ores, such 
as mispickel: 

2FeAsS -f- 50* = Fe 2 0 3 4- 2SO., 4- As 2 0 3 . 

This is done in a revolving, slightly sloping calcining furnace down 
which the ore moves, whilst furnace gases mixed with arsenic trioxide 
vapour pass upwards through a series of brick chambers or Hues 
arranged so as to present an extended surface to the gases. The crude 
product— arsettical soot—is collected and refined by sublimation in a 
cast-iron pan covered by a bell, or from a reverberatory furnace. 

Like phosphorus oxide, arsenious oxide occurs in several different 
forms. Amorphous arsenic trioxide, or vitreous arsenic, is a colourless, 
non-crystalline, glassy substance produced when the vapour of arsenic 
trioxide is slou lv condensed at a temperature slightly be ow its 
vaporizing temperature. It melts at about -><«» , and volatilizes at 
*>18° 100 parts of water at 10 dissolve 3-67 parts of vitreous arsenic 

oxide in six hours, the solubility diminishes on standing \ itreous 
arsenic trioxide can be preserved unchanged in a sealed tube, but if t 
be exposed to the air it gradually becomes opaque and forms crystals 
of octahedral arsenic trioxide belonging to the cubic system. Similar 
crystals arc produced when the vapour of arsenic trioxide is rap,Mv 
condensed, and when aqueous or hydrochloric acid solutions of the 
trioxide are allowed to crystallize. Octahedral arsenic trioxide has 
less than one-third the solubility of the vitreous variety. If a hot 
saturated solution of arsenic trioxide in water be allowed to cool 
slowly in a dark room, a flash of light is produced as each crysta ls 
, ™Zi Tht* snecific gravity of vitreous arsenic trioxide is 3-<4, and 
W'ocJSrfSdtoTsa The passage from the vitreous to the 

. . ,/ini v-iriotv is attended by an evolution o( heat, o-3 cals. 
Octahedral arsenic trioxide vaporizes without fusion, but if heated 
under pressure it melts and forms the vitreous variety. 

If a hot saturated solution of arsenic trioxide in pota ssium hydroxide 
be cooled, prismatic needle-like crystals 
of monoclinic arsenic trioxide separate. 

This variety is also formed when either of 
the preceding forms of arsenic trioxide is 
heated for a long time at 200 . Its specific 
gravity is 415. If the lower part of a 
sealed tube containing arsenic trioxide be 
heated above 400°. the lower part will 
contain vitreous, the middle prismatic 
(monoclinic), and the upper part octa¬ 
hedral (cubic) arsenic trioxide. I his ex¬ 
periment is due to H. Debray (18<>4) A 
mixture of the prismatic and octahedral 
crystals will be found in the zone between 

2C* 



Fig. 31.7.—Dimorphism ol 
Arsenic Trioxide 
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the octahedral and prismatic crystals. Fig. 31.7 will give some idea of 
the crystals in the intermediate zone as they appear magnified under 
a U-inch objective. The vitreous form is the unstable variety, and the 
octahedral form the stable variety at ordinary temperatures. The 
vitreous variety can exist at ordinary temperatures because of the slow 
speed of transformation into the octahedral form. At 100° the speed 
is quite fast. At higher temperatures still the octahedral form passes 
into the monoclinic variety. Pressure alone (2500 kgm. per sq. cm.) 
at 150° will transform arsenic trioxide into the vitreous variety. 

All three varieties of arsenic trioxide vaporize at 218°. The vapour 
density between 500° and 800° corresponds with the molecule As 4 0 ? ; 
and at 1732°, with As 2 0 3 . Arsenic trioxide is quite stable if heated in 
air or oxygen at 100°. Oxidizing agents—like iodine, hydrogen 
peroxide, nitric acid, and ozone—transform it into arsenic acid. 
Arsenic trioxide dissolves in hydrochloric acid, forming arsenic tri¬ 
chloride. Reducing agents—stannous chloride—transform it into 
arsenic and arsine. Arsenic trioxide is very poisonous—0*06 gram is 
near the fatal dose for an ordinary man; but the habitual use of small 
doses makes the system more or less immune to the effects of much 
larger quantities. 

Arsenic trioxide is used in the manufacture ol pigments, e.g., 
Scheele’s green, HCuAs0 3 ; Paris green or Schweinfurt green , 
3Cu(As0 2 ) 2 .Cu(C s H 3 0 2 ) 2 . It is also used as an insecticide and for rat 
poison ; in preserving the skins of animals and in the manufacture of glass 
and opaque enamels. It is employed in pyrotechnv for the production 
of “ white fire " and its salts are used in medicine (Fouler’s solution, a 
weak solution of sodium arsenite. is employed in veterinary surgery), 
in dyeing and in calico printing. It also finds a use mixed with sodium 
carbonate for the prevention of boiler incrustations. 

Arsenites 

Acpieous solutions of arsenic trioxide exhibit a feebly acidic reaction, 
probably owing to the formation of unstable arsenious arid, H 3 As0 3 . 

It differs from the corresponding phosphorous acid in being tribasic. 
The acid has never been isolated; the solution on concentration 
deposits crystals of the oxide. Salts are known corresponding to ortho-, 
pyro-, and meta-arsenious acids—H 3 As0 3 , H 4 As,0 5 and HAs0 2 . 

All the arsenites, except the alkali arsenites, are insoluble in water, 
and they are decomposed by carbonic and hydrosulphuric acids. The 
soluble arsenites react alkaline owing to hydrolysis. Arsenious acid 
and its salts are reducing agents, but not so powerful as phosphorous 
acid and the phosphites. Arsenious acid precipitates red cuprous oxide 
from an alkaline cupric solution; with silver nitrate solution a yellow 
precipitate of silver arsenite, soluble in acetic acid, is formed. Copper 
sulphate gives a bright green precipitate of Scheele’s green (vide supra). 
When heated, the arsenites are converted into arsenates and free 
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arsenic; and when heated with charcoal, both the arsenates and the 
arscnites are reduced to elemental arsenic. 

Arsenites are oxidized by the halogens, and by bleaching powder. 

C ' 8 " H 3 As0 3 + I 2 + H.O = H 3 AsO, + 2HI. 

and these reactions are used for their volumetric determination. 


Arsenic Pentoxide, As s O s , and Arsenates 

Arsenic pentoxide cannot be prepared by burning arsenic in oxygen 
since the product is the trioxide, but can be obtained by the action of 

oxidizing/ agents on arsenic trioxide. 

Bv digesting arsenic trioxide with concentrated nitric acid a solution 

is obtained which, when cold and concentrated deposits rhombic 
crystals of H 3 AsO,.H,0. These melt at about 3<i . and when heated 
to > 100° lose water, leaving a crystalline powder once ca‘led ortho- 
arsenic acid H,As 0 4 . When this arsenic acid is heated to -Id for 
about two and a half hours, arsenic pentoxide is obtained as a white 

deliquescent glassy solid: 

2H 3 As0 4 = As 2 0 5 4- 3H 2 0. 

Unlike phosphorus pentoxide. on heating to a higher temperature 
/, 440 °) it breaks down into the trioxide and oxygen. 

Several arsenates are known, among which may be mentioned: 
sodium arsenate, Na.HAsO,. 12H.O, used in calico printing, and 
Ip'id arsenate PbHAsO,. used for spraying fruit tries. 

The soluble arsenates have an alkaline reaction and give a reddi. 1- 
brown precipitate of silver arsenate, Ag 3 As0 4 , when neutral solu ion 
arcTrea ed with silver nitrate. They also react with ammonmm 
molvbdate in presence of nitric acid in a manner similar to the phos- 
phates^ giving a yellow precipitate of ammonium arseno-molybdate on 

boiling. 

§ 17 Halides and Sulphides of Arsenic 

• flnnHc AsF IS lormcd as a volatile fuming liquid, boiling at 
eS^'whTn distilled with calcium fluoride and sulphunc add. 

It is decomposedI by water. ^ as a cololirltss ga s by distilling a 

thc'udfluoridc with bromine and antimony pentafluoride at a tempera¬ 
ture no, exceeding^ ^ + ^ = AsF , + 2Sb BrF t . 

Arsenic formed byAe ^ 

Sric acid' or" by heating arsenic trioxide with sulphur chloride in 

a current of chlorine: ., cn 

4As 2 0, + 3S 2 C1 j + 0C1 4 = SAsCl, + bS0 2 . 

Arsenic trichloride is a heavy, colourless, viscid liquid boiling at 12:1°; 



780 


MODERN INORGANIC CHEMISTRY 


[Chap. 


which freezes to white needle-like crystals at -18°. It is hydrolysed 
by water, the reaction being reversible: * 

AsCI 3 + 3H,0 ^ HjAsOj + 3HC1. 

!*J s ‘ hus intermediate in behaviour between typical non-metallic 

' ypk “ mMI ‘ c chlorides 

triSE pentachloride, AsCl s , is said to be formed when arsenic 

fissr ol chl<,ri ” : b “ uior ' is 

aridlT^n K SUlph 1 id f’ is found in na ‘ure as the mineral realgar - 

proportfon or h Wf 1 "* t0gether SuI P hur and arscn ic in the right 
proportions, or by heating arsenic tnsulphide with arsenic • or 

a^enious oxide and sulphur; or distilling a mixture of i™ pyrites 

crvstalhne^liS^T Arsen j« disulphide is a red brittle vitreous or 
\ talhne solid it fuses at 30/ and sublimes unchanged Heated in 

trioxide Ur it ? H ^ SU ‘ phur dioxide and arsenic 

•of the so Py rot cchny;for instance, in the manufacture 

and nitre " g ’ " h ' Ch ' S 3 mixture of real g ar - sulphur, 

Arsenic Trisulphide, As,S 3 

This sulphide occurs in nature as the mineral orfiiment— a term 
den\ ed from the Latin nun pigmentum, golden paint. It is employed 
? s a P'S'ncnt under the name King's yellow. Arsenic trisulphide k 
formed when powdered arsenic and sulphur are heated togethe^ in the 
proportions indicated by the formula, As 2 S 3 ; and it is also precipitated 
as a canary-yellow solid when hydrogen sulphide is passed into a 
solution of an arsemous salt acidified with hydrochloric acid 

*' s ^luble C " 7n“ k a . bri ^' - veUow solld ' '"soluble in water, but 
1 U -1 .l 1 ], a ^ah hydroxides, ammonium carbonate and alkali 

sulphides. \\ hen dissolved in alkali hydroxides, arsenite and thio- 
arsenite (see below) arc both formed: 

-As 2 S 3 + 4KOH = 3KAsS, -f- KAsO. + 2H„0. 

Kut with the alkali sulphides it forms only thioarsenites which may¬ 
be regarded as salts of the hypothetical thioarsenious acid H,4s^ > 

\ ( llow ammonium sulphide, which contains sulphur in ’solution 
x ~ lzc *, arsemc tnsu lphide to a thioarsenatc (see below) 

1 he thioarsenites of the alkalis, alkaline earths and of magnesium 
are soluble ,n water, but decompose on boiling The 
;decomposed by acids with the evolution of l.ydrogen suTphide 
J o th , e rop . re .? p,tatl °" of arsenic trisulphide. Hydrogen sulphide 
n °* prCClpitate trisulphide from the normal arseintes and it 
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is only partially precipitated from the primary and secondary arsenites. 
because soluble thioarsenites are formed. If sufficient acid be present 
to prevent the formation of the soluble arsenites, precipitation is 
complete. 

Arsenic pentasulphide, As 2 S 5 , can be made by fusing together arsenic 
trisulphide and sulphur in the right proportions. It is precipitated 
when a rapid stream of hydrogen sulphide is passed through a cold 
solution of arsenic acid containing a large excess of hydrochloric 
acid, or through a strongly acidified solution of a soluble arsenate. 
Both arsenic tri- and pentasulphides are reduced to the disulphide by 
a hydrochloric acid solution of stannous chloride: 

As 2 S 3 + SnCl 2 + 2HC1 = SnCl, + H 2 S + As t S f . 

This explains the formation of the red precipitate which occurs in the 
detection of arsenic in the presence of tin. 

Like the corresponding trisulphide, the pentasulphide will dissolve 
in alkali hydroxides, forming a mixture of arsenate and thioarsenate, 
and in alkali sulphides, forming thioarsenates only. Acids decompose 
the thioarsenates with the reprecipitation of the pentasulphide. 

Solutions of arsenic acid or of arsenates are reduced slowly b\ 
hydrogen sulphide in presence of hydrochloric acid, arsenic trisulplude 
being ultimately precipitated, ft is supposed that the following 
reactions occur: 

(i) the slow formation of an acid, H 3 AsS0 3 , intermediate in composi¬ 
tion between arsenic acid and thioarsenic acid (H 3 AsS 4 ): 

H 2 S + H 3 AsO, = H,0 4- H 3 AsS0 3 ; 

(ii) reduction of this acid to arsenious acid with separation of sulphur: 

H 3 AsS0 3 = H 3 As0 3 + S; 

(iii) decomposition of arsenious acid by hydrogen sulphide: 

2H 3 As 0 3 + 3H,S = GILO 4- As 2 S 3 . 

Summarized, this leads to the equation: 

2H 3 As 0 4 4- 5H 2 S = 2S 4- 8H 2 0 4- As 2 S 3 . 


§ 18 Detection of Arsenic 

Arsenic is usually detected by means of Marsh’s test, which depends 
upon the formation of arsine when nascent hydrogen is produced in a 

solution containing arsenic. . 

The standard form of this test is carried out in an apparatus similar 

to Fig. 31.8. 

Hydrogen is generated in the small flask lrom arsenic-free zinc and 
dilute sulphuric acid and then passed along a glass tube heated at one 
point by a very small flame. Alternatively, the hydrogen may be 



782 


MODERN INORGANIC CHEMISTRY 


[Chap. 

generated electrolytically. The solution to be tested for the presence 
of arsenic is run into the flask, and, if arsenic is present, arsine will be 
formed. When it reaches the hot part of the tube it is decomposed, 
forming a dark shining “ mirror ” of arsenic just beyond this point. 



Glass wool 


CaCI 2 

Glass wool moistened with 
Pb(C 2 H 3 0 2 ) 2 solution 


3- Zn and dilute H 2 S0 4 


Fig. 31.8.—Marsh’s Test 


■Corks 

‘Paper soaked 
in mercuric 
chloride 

Paper soaked 
in lead acetate 


Antimony forms a similar mirror, but can be distinguished by the fact 
that with it the mirror is nearer to the flame, and it is insoluble in 
sodium hypochlorite solution, whereas the arsenic mirror is soluble. 

Gutzeit’s test, which is essentially a modification of Marsh's test, is 
carried out as illustrated in Fig. 31.9. 

Hydrogen is produced as before and the 
\2 Corks suspected solution added. The gases evolved 

V in P mp™un> are led up a vertical tube containing a rolled-up 
lead acetate paper, at the end of which is a 
sheet of filter paper moistened with mercuric 
chloride solution, held in position by means 
of two perforated rubber bungs and a spring 
clip, as in the diagram. If arsine be present in 
the gas passing through the paper moistened 
with mercuric chloride, a yellow stain is pro¬ 
duced, which may be compared when produced 
under standard conditions with standard stains 
and so used for the estimation of the arsenic 
present. The exact chemical nature of the 
yellow compound is uncertain. 

Reinsch's test depends upon the fact that 
copper will form copper arsenide when boiled 
with a hydrochloric acid solution of an arsenic compound. The solu¬ 
tion suspected of containing arsenic is added to concentrated hydro¬ 
chloric acid and a piece of bright copper foil. On warming the copper 
becomes covered with a dark stain of copper arsenide if arsenic be 
present. This is then dried and heated in a glass tube in a current of 
hydrogen, when the arsenic sublimes off the copper and condenses in a 
mirror on the walls of the tube. 



Dll. HCi 4 
suspected 
substance 

Zinc 


Fig. 31.9.—Gutzcit’sTest 
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§ 19 Antimony, Sb. History, Occurrence and Preparation 

History . 

According to Dioscorides and Pliny, stimmi and **"«-*»* »- 
stibnite or antimony sulphide-has long been employed by the women 
of the East as a medicine, and as an article of toiiet for darkening the 
eyebrows. It is mentioned in this connection in the Old Testament 
Kines ix 30' Ezekiel xxiii. 40). Pliny terms it stibium, and in a 
Latin translation of Geber, it is called antimomum. Both terns were 
in common use up to the time of Lavoisier for antimony su phide. 

The derivation of the name antimony is uncertain, it has been 
suggested that it is from anti (against) and mome (French a monk). 
bu 6 t 8 no weight is attached to this suggestion; the word had also been 
referred to the Greek avOtnwviov (anthemonton), having reference to 
The petal-like appearance of the crystals of the naturally occurring 

mineral — unthos a flower). , » 

The prepar^Gon of the element and the known and imagined 
properties of antimony were described in the writings attributed to 
Basif Valentine (supposed to have lived in bouth Germany in the 
Knth century). The book is entitled Triumph-U ago, des An,i,non,, 
and is a product of the seventeenth century (cf. page /). 

Occurrence 

Antimony occurs free in small quantities in Borneo and a few other 
places. It fs nearly always accompanied by some arsenic Antmonj 
with oxvtren as antimony bloom, Sb 2 U 3 , ana as 
Antimony ochre. Sb 2 0,; combined with sulphur as stibnite or grey 
antimony ore, Sb 2 0 5 ; and as antimony blende or re,l antimony. Sb 2 b 2 0. 
It also occurs combined with sulphur and the nutalb. 

Extraction * , , 

The principal source ol antimony is stibnite. Good-quality samples 
are melted by heating with scrap iron, when the iron combines with 
the sulphur to form a slag of iron sulphide, which floats on the surface 

of the molten antimony: 

Sb 2 S 2 + 3Fe = 2Sb + 3FeS. 

The antimony is purified by remelting two or three times with a little 
nitre to oxidize contaminating impurities such as lead and sulphur. 

With poorer ores the crude sulphide is melted in such a way that 
the molten sulphide flows away from the less fusible rocky impurities. 
This process is called liquation. The liquated sulphide is then mixed 
with about half its weight of charcoal and carefully roasted so as to 
convert the sulphide into oxide: 

2Sb 2 S 3 + 90j = 2Sb 2 0 3 + 0SO 2 . 

Part of the antimony oxide condenses in the flues, and a residue ol 
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Sb 2 0 4 and unchanged sulphide remains behind. This is mixed with 
charcoal and sodium carbonate, and heated in a crucible. The reactions 
are taken to be: 

Sb 2 0 3 4- 3C = 2Sb + 3CO 
Sb 2 0 4 + 4C = 2Sb 4- 4CO 
Sb 2 S 3 4 - 3Na.,C0 3 4- 6C = 2Sb 4- 3Na*S 4- 9CO. 


§ 20 Properties, Uses, etc., of Antimony 

Like phosphorus and arsenic, antimony exists in ailotropic modifica¬ 
tions; three such are generally distinguished, viz.: 

(i) Crystalline or rhombohedral or p-antimony. 

(ii) Yellow or a-antimony. 

(iii) Explosive antimony. 

The first named is the variety ordinarily obtained, and referred to 
as antimony. 

It is a sil\er-whitc solid with a high metallic lustre and a crystalline 
(rhombohedral) structure. It is very brittle and can be easily pulver¬ 
ized. Like the non-metals it is a poor conductor of heat, but it has a 
high specific gravity—6 (584. from its physical properties, antimony, 


like arsenic, would be classed 
with the metals, but its metallic 
characters are more pronounced 
than those of arsenic. Antimony 
melts at 630*5 C in an atmosphere 
of carbon monoxide; and boils 
at 1380 3 . When the molten ele¬ 
ment is allowed to cool slowly 
and partially solidify in a cru¬ 
cible, the uncongealed portion 
may be poured off. The interior 
of the crucible is then lined with 
well-formed rhombohedral crys- 



Fig 31.10.—Crystals oi Antimony tals of antimony isomorphous 
with arsenic. The reduced photograph, Fig. 31.10, illustrates the 
crystalline surface of a sample of 99-5 per cent, antimony. In the act 
of solidification lead contracts, but antimony expands slightly. Hence 
molten mixtures of antimony with other metals, when poured into 
moulds, take the fine and sharp impressions of the mould. For this 
reason antimony is a constituent of type metal. 

Antimony does not tarnish readily on exposure to dry air. but it is 
oxidized slowly by moist air. Antimony is used to cover other metals 
like brass and lead alloys. Antimony black is finely powdered antimony 
which is used to coat plaster casts, to make them imitate metals. 
When heated in air or oxygen, antimony burns with a bright bluish 
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flame, forming antimony trioxide, Sb 2 0 3 . Antimony combines direct!) 
with the halogens. The action is vigorous, and the combining 
element becomes incandescent. With chlorine, antimony trichloride 
SbCl, is formed. Antimony also unites with sulphur, phosphorus, and 
arsenic, forming sulphides, phosphides, and arsenides respectively. 
Dilute hydrochloric and sulphuric acids have little or no action upon 
antimony, but the more concentrated acids respectively form chloride 
and an unstable antimony sulphate: 


2Sb + (3HC1 = 2SbCl 3 + 3H 2 
2Sb 4- GHoSO, = GH.O 4- 3S0 2 4- Sb 2 (bO,) v 

If air be excluded, hydrochloric acid does not attack the pure element. 
Antimony thus behaves towards these acids like a typical metal. I dilute 
nitric acid has scarcely any action, but it probably forms an unstable 
antimony nitrate. Sb(N0 3 ) 3 . Concentrated nitric acid does not dissolve 
the metal but rather oxidizes it to insoluble Sb 2 O s or or a 

mixture of Sb 2 0 4 and Sb 2 0 4 . 

Yellow, or a-antimony is a metastable form which results when 

antimony hydride, SbH ;$ , is treated with air at -90 : 

4SbH 3 4- 30 2 = 4Sb 4- GH.O 

This passes into black antimony on exposure to light. It is not clear 
whether black antimony is a definite form or an intermediate form 

between x- and B-antimony. . . , . . . 

Gore (1855) found that if a current of electricity be passed through a 

solution of antimony trichloride in hydrochloric acid-using an 
antimony anode and a platinum cathode-an amorphous powder of 
specific gravity 5-78 is deposited on the cathode. I he cathode has 
then the appearance of a smooth polished graphite rod. I he deposit 
appears to be a solid solution of antimony trichloride in metastable or 
a-antimony. If this deposit be rubbed or scratched, an explosion 
occurs The explosion is attended by the allotropic transformation of 
the metastable or a-form of antimony into the stable , 1 -form or the 
rhombohedral variety, at the same time the temperature rises to about 
•>50° and 10-6 cals, of heat are evolved per gram of antimony t louds 
of antimony trichloride are given off at the same time Hence the 
term explosive antimony is applied to the solid solution of the trihalule 

in a-antimony. 


Uses 

The property possessed by antimony of expanding on solidification 
leads to its use in a number of alloys. The more important of these 
are given in Table LVII. 

With copper a remarkable violet alloy known as Regains oj I finis is 
lormed. It is a compound, SbCu a . Modern solders often contain about 
2 per cent, of antimony. 
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Table LVII. —Alloys of Antimony 



Sn 

Pb 

Sb 

Cu 


Type metal 

Stereotype metal 
Britannia metal 

Pewter . 

Anti-friction 
(Babbit’s) metal . 

6 

2-25 

93-3 

83-75 

83-3 

75 

84-21 

0-20 

20 

13-54 

4-6 

0-7 

8-3 

2 

0-4 

8-3 



Antimony is also used in making paints, e.g., antimony white as a 
substitute for white lead; antimony black as a bronzing powder for 
metals and plaster; and kermes (see below), a brownish-yellow pig¬ 
ment. It is employed in medicine, in the manufacture of enamels, for 
colouring pottery and tiles, cloth and paper, and for making of 
mordants (e.g-., the oxychloride.) 

Atomic and Molecular Weights of Antimony 

Consideration of the specific heat of antimony (0 046 at 186° and 
0 053/ at 300 c ) together with the molecular weights of volatile com- 
pounds such as the trichloride, indicates a value in the neighbourhood 
ol HO for the atomic weight. The atomic weight has been determined, 
or example, by conversion of the metal into its chloride and bromide, 
followed by estimation of the silver chloride and bromide formed from 
them. The value obtained by different investigators showed con- 
siderable variation, but the value 120-2 was accepted until, in 1923, 
Aston showed that antimony contains two isotopes of weight 121 and 
123, indicating a value for the atomic weight of the ordinary element 
above 121. Subsequently values were obtained (i) by Honigschmid 
and collaborators of 121-76 as the mean of 32 concordant analyses 
based on the preparation of pure chloride and bromide; (ii) by 
tteathcran, of 121-748, using a similar method; (iii) by Willard and 
.MeAlpine, who found 121-77. The value at present recommended bv 
the International Committee is 121-76. 

The vapour density of antimony at 2000° corresponds with a 
monatomic molecule; at 1640° it corresponds almost exactly with a 
molecule Sb 2 , and at I380 r (the boiling point) very nearly with Sb 
By analogy with arsenic and phosphorus this last result is’interpreted 
as indicating an equilibrium: r 

Sb 4 ^ 2Sb 2 . 


§ 21 Hydrides and Oxides of Antimony 

Antimony hydride, Stibine, SbH 3 . is made in a similar manner to 
arsenic hydride. It is a colourless poisonous gas with an unpleasant 
smell. It begins to decompose into its elements even at ordinary 
temperatures, and sometimes explodes when heated 
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It is a powerful reducing agent and may be distinguished from 
arsenic hydride by its reaction with silver nitrate with whichi itt gives 
a precipitate of silver antimonide. Ag 3 Sb, and not metallic sil\ er. 

SbH, + 3AgNO a = AgjSb + 3HN0 3 . 

decornpositlorf'of^ sti btne^by '^soc 1 i'un^hydroxide *$ 0111 fieri, o” by t'he™ duction ol 

the trichloride with zinc and hydrochloric acid. 

Antimony trioxide, antimonious oxide, Sb 2 0 3 or Sb,0„ is made 
by burning antimony in the air, or by adding hot water to a solution of 
antimony trichloride or sulphate: 

4SbCl 3 4- 6H 2 0 ^ Sb 4 0 6 4- 12HC1. 

The precipitated oxide is washed with a solution of sodium carbonate 

to remove the free acid, and finally with water. ... . 

Antimonious oxide is a white powder, which volatilizes just o\er 
1500°, when its vapour density corresponds with a molecule _Sb 4 O e . 
The vapour condenses in two distinct forms, isodimorphousi with the 
corresponding crystals of arsenious oxide. Antimonious oxide is very 
sparingly soluble in water, and the solution has no action on litmus. 
It is insoluble in dilute nitric and sulphuric acids but reacts with dilute 
hydrochloric acid, forming a solution of the tnchlonde (q v and 
with cold concentrated nitric acid, forming antimony nitrate, Sb(N0 3 ) 3 . 
and with hot concentrated sulphuric acid, forming antimony sulphate, 
Sb.fSO.).. It also forms a solution with tartaric acid and acid potas¬ 
sium tartrate, giving with the latter tartar emetic (q.v ) and with 
alkalis forming salts, e.g., NaSbO^311,0 derived from the hypothetical 
meta-antimonious acid, HSb0 2 . Ortho-antimon.ous ac d. H bhO is 
obtained as a white solid if sulphuric or nitric acid be added to a 
solution of tartar emetic, and the resulting prec^itate dned at 100 _ 
Its formation is probably due to the hydrolysis of the "Uratc o 
sulphate first formed. A pyroantimomous acid. H 4 bb 2 O s . has bcti 
reported, but there is some doubt if it has been isolated. 

Antimony Tetroxide, Sb,0 4 

When antimony trioxidc is heated in air. it begins to smoulder forming 
antimony tetroxide. which is yellow when hot. and white when cold. It is also 
formed when the pentoxide is heated to a red heat. It has been thought by some 
to be a mixed anhydride analogous to N,0 4 and P,0 4 : and on lusion with alkalis 
it forms salts known as hypoantimoniates. e.g.: 

2KOH + Sb f 0 4 = K,Sb,0 4 + 11,0. 


Antimony pentoxide, Sl> 2 0 6 . is formed by heating pyroantimonic 
acid (q.v.) to 300°, or by the repeated evaporation of antimony with 

concentrated nitric acid. . . ., 

Antimony pentoxide is a straw-yellow powder, almost insoluble in 

water. .. 

A mixture with water, however, reddens blue litmus. It dissolves 
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in concentrated hydrochloric acid and the mixture has oxidizing 
properties; for example, it liberates iodine from potassium iodide: 

Sb,0 5 + 4KI 4- 10HC) = 2SbCl 3 + 4KC1 + 2I 2 + 5H 2 0. 

Antimonic Acids and Antimonates 

Orthoantimonic acid, H 3 Sb0 4 , is made by oxidizing antimony 
trichloride with concentrated nitric acid and diluting the solution with 
water. A white precipitate is obtained, which yields the ortho-acid 
when dried over concentrated sulphuric acid. On heating to 200°, it 
passes into 

Pyroantimonic acid, H 4 Sb 2 0 7 , which is also made by the action of 
nitric acid on antimony at 100°, and most readily by that of hot 
water on antimony pentachloride: 

2SbCl s + 7H,0 = 10HCI + H 4 Sb 2 0 7 , 

the precipitate formed being dried at 100°. At 200° it is said to pass 
into meta-antwionic acid, and at 300° the pentoxide is formed. 

Antimoniates are known derived from each of these antimonic 
acids. Among them may be mentioned Potassium (dihydrogen) pyro- 
antimonate, K 2 H 2 Sb 2 0 7 .(>H 2 0, which is used as a test for sodium 
since the corresponding sodium salt is one of the very few relatively 
insoluble salts of sodium. It is made by adding powdered antimony, 
in small quantities at a time, to four times its weight of fused potassium 
nitrate. When cold the mass (which may contain the ortho-antimonate) 
is washed with water, and then boiled with mdre water, when the di- 
hydrogen salt is formed as a granular powder, sparingly soluble in cold 
water, but easily soluble in hot. 


§ 22 Other Compounds of Antimony 

Antimony trichloride, SbCl 3 , is formed by the action of dry chlorine 
on an excess of antimony, and also by the distillation of an intimate 
mixture of antimony or antimony sulphide with mercuric chloride. 
It forms colourless crystals melting at 73-4’ and boiling at 220-2°. 
It is highly deliquescent, and is decomposed by cold water, giving the 
oxychloride: 

SbCl 3 + H 2 0 ^ SbOCl 4 2HC1. 

while with hot water the trioxide is precipitated. The oxychloride, 
which is a white powder, was once used in medicine, as a purgative and 
emetic, under the name of " powder of Algaroth.” 

Antimony pentachloride, SbCl 3 , is formed when chlorine is passed 
through fused antimony trichloride. It is a colourless or slightly 
yellow liquid which crystallizes at - 2-8°. fumes in air, and boils with 
partial dissociation into antimony trichloride and chlorine at 140°. In 
this it resembles phosphorus pentachloride. 

Antimony also forms a crystalline trifluoride, tribromide and tri- 
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iodide by direct combination of the elements; a pentafluoride is also 
known. 

Antimony trisulphide, Sb 2 S 3 , occurs in two forms: an orange form 
and a black form. The latter, known as stibnite, is the principal ore 

of antimony. . ... 

The black form is made by heating antimony with sulphur; while 
the orange form is precipitated when hydrogen sulphide is passed 
through an acidified solution of antimony trichloride. 

2SbCl 3 4- 3H 2 S ?=* Sb,S 3 4- GHC1. 

The orange form passes into the black form on heating. 

Antimony trisulphide is used in the manufacture of safetN matche>. 
fireworks, etc.; whilst a mixture of antimony trisulphide and trioxide. 
known as Kcrvics mineral, is used in medicine and is made b\ boiling 
antimony trisulphide with sodium or potassium carbonate. 

Antimony trisulphide reacts with alkalis and alkali sulphides in a 
similar manner to arsenic trisulphide, forming thioantimonites and 
thioantimonates. 

Antimony pentasulphide, Sb 2 S 5 , is made by the action of h\drogen 
sulphide on a mixture of antimony pentachloride with a little water. 
It is also obtained by acting upon the trisulphidc, along with sulphur, 
with potassium hydroxide, and decomposing the potassium thioanti- 
monate so formed with dilute hydrochloric acid: 

3K„S -f SboS 3 = 2K 3 SbS 3 
K 3 SbS 3 4- S = K 3 SbS, 

2K 3 SbS, 4- 6HCI = GKC1 4- Sb 2 S s 4- 3H 2 S. 

Antimony pentasulphide is a reddish-yellow solid which combines 
with alkali* sulphides, forming thioantimonates. Schlippe’s salt is 
sodium thioantimonate, Na 3 SbS 4 .9H 2 0. Antimony pentasulphide is 
. used in the vulcanization of rubber. 

Tartar Emetic. Potassium Antimonyl Tartrate, 

2[K(SbO). C ,H |0 6 ]. H 2 0 

Tartar emetic is made by boiling a solution of cream of tartar, 
i.e., potassium hydrogen tartrate, with antimony trioxide. On cooling 
the concentrated solution it separates in octahedral crystals: 

2I<HC 4 H i O (J 4- Sb 2 0 3 = 2K(SbO)C l H 1 O c 4- H.,0. 

Tartar emetic is the most important salt of antimony in commerce. 
It is used in medicine in small doses as an emetic; large doses are 
poisonous. It is also used for the treatment of some tropical diseases 
such as kala-azar. Large quantities are used as a mordant. 

Detection of Antimony 

Antimony is detected by the formation of an orange precipitate of 
the sulphide when hydrogen sulphide is passed through a not-too-acid 
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solution of an antimony salt. This precipitate can be distinguished 
from arsenic sulphide by reason of its insolubility in concentrated 
ammonium carbonate solution. A 2 per cent, solution of " cupferron ” 
gives a yellowish-white precipitate with antimonious compounds, but 
no precipitate with antimonic compounds. 

Marsh s test can also be applied to the detection of antimony as 
indicated on page 782. 

Reinsch’s test (page 782) can also be applied to the detection of 
antimony. It is distinguished from arsenic by the facts that the 
sublimate of antimony trioxide is non-crystalline and hydrogen sulphide 
gives an orange-red precipitate when passed through a solution of the 
oxide in dilute hydrochloric acid. 


§ 23 Bismuth, Bi. History, Occurrence and Preparation 
History 

Metallic bismuth was described in the writings ascribed to Basil 
\ alentine under the name marcasite, a name formerly used vaguely 
for almost any ore with a metallic appearance. Most of the writers of 
the seventeenth century confused bismuth with antimony or zinc. 
J. H. Pott (1739) first demonstrated the characteristic properties of 
bismuth, and its reactions were later studied by C. J. Geoffroy (1753) 
and T. Bergmann (1780). The name bismuth is supposed to be derived 
from the German “ Wcissmuth ” (white matter). 

Occurrence 

Bismuth is found in many localities—Bolivia, Saxony, etc.—in a 
fairly pure condition in a free state. It also occurs combined with 
sulphur as bismuth glance, Bi 2 S 3 ; with tellurium as tetradymite, Bi 2 Te 3 ; 
and with oxygen as bismite or bismuth ochre, Bi 2 0 3 . Bismuthite is a 
hydrated carbonate. Most of the bismuth in commerce comes from 
Bolivia, and some from Australia and Bohemia. 

In the United States much bismuth is now obtained as a by-product 
in the refining of lead and other metals. 

Extraction 

The principal ores are the sulphide and bismuthyl carbonate. The 
former, after concentration by washing or magnetic separation is 
roasted so as to form the oxide: 

2Bi 2 S 3 + 90 2 = 2Bi0 3 -f 6$0 2 . 

which is then reduced by heating with charcoal in a reverberatory 
furnace. The bismuth recovered from lead smelting, etc., occurs in 
the anode slimes of electrolytic refining processes (e.g. the Bett's 
process, page 730). These residues are fused with sodium hydroxide and 
sodium carbonate, and the resulting material cast into slabs which are 
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refined electrolytically, using a bath of bismuth chloride and hydro¬ 
chloric acid. A very pure metal can be obtained in this way; the 
purification of cruder samples is etfected by fusion on an inclined plate 
in contact with air. Bismuth is only slowly oxidized at the melting 
point, whereas the impurities are usually readily oxidized or volatilized. 


Properties 

Bismuth is a greyish-white solid resembling antimony, but it has 
also a faint reddish tinge. It is hard, brittle, lustrous and crystallizes 
readily; and, like antimony, it expands on solidification. It melts at 
271°, and if the molten metal be allowed partly to solidify in a crucible, 
and the uncongealed liquid poured off (as in the preparation of mono¬ 
clinic sulphur—page 443) the crucible will be found lined with rhombo- 
hedral crystals of the element. Bismuth boils at 1450 . and it di>til^ 
in an atmosphere of hydrogen if heated over 1100°. It is a very bad 
conductor of heat, its specific gravity is high (9-8) and it is strongly 
diamagnetic (i.c., repelled by an ordinary magnet). The metallic 
properties are more pronounced than with either antimony or arsenic, 
and whereas in arsenic non-metallic properties predominate, in bismuth 
the metallic properties are most pronounced. Bismuth is oxidized only 
superficially on exposure to the air, but if heated in air it burns, 
forming the oxide Bi 2 0 3 . It decomposes steam at a red heat, but is 
not affected by cold air-free water. It unites directly with the halogens 
and with sulphur. It is but slightly attacked by hydrochloric acid and 
by hot concentrated sulphuric acid, and is readily attacked by dilute 
and concentrated nitric acid, forming the corresponding salts. 


Uses 

Bismuth is used in the manufacture of alloys, in particular of fusible 
metals. Thus Newton's metal (tin, 3; lead, 5; bismuth. 8) melts at 
94-5° • Rose's fusible metal (tin. 1; lead, 1; bismuth. 2) melts at 
93-75°; and Wood's fusible metal (tin. 1; lead. 2; cadmium. 1; 
bismuth, 4) melts at 60-5°. Fusible alloys, which melt at about 100 \ 
are used in automatic sprinklers; less fusible alloys are used for making 
safety plugs in steam boilers, fuses in electrical connections, and in 
fire alarms. The gas pipe which enters a building can also be fitted 
with a piece of fusible alloy so that if a fire breaks out the alloy wiil 
melt, choke the gas pipe, and stop the flow of gas. Fireproof doors 
can also be kept open by fusible plugs which allow the doors to close 
automatically in the event of fire. The oxide or nitrate is used in making 
some kinds of optical glass, and in the decoration of pottery with 
lustres. The basic nitrate was once used as a cosmetic, but is now largeh 
displaced by the cheaper zinc oxide Some bismuth compounds, espe¬ 
cially the carbonate, are used medicinally. 

Bismuth is also used in tie construction of thermopiles. 
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Atomic and Molecular Weights 

The atomic weight of bismuth is seen to be in the neighbourhood of 
208 from its specific heat (0 0303 at 18°). and the vapour density of 
volatile compounds such as the chloride. Among the methods em¬ 
ployed for its accurate determination are conversion of the metal 
into the oxide and vice versa; conversion of the metal and the oxide 
into the sulphate; and the formation of silver chloride and bromide 
from bismuth chloride and bromide. Honigschmid, by the last 
method, obtained values between 208-98 and 209-00, and considers the 
most probable value to be 209-00, which is the value recommended by 
the International Committee. 

The vapour density of bismuth between 1000° and 1700° is about 
15 K (H s = 1), corresponding to a mixture of Bi 2 and Bi molecules. At 
2000 the molecule is monatomic. 

§ 24 Hydride and Oxides of Bismuth 
Bismuth Hydride, BiH* 

This substance was first prepared by Paneth and co-workers in 191S. They 
obtained it in very small quantities by the action of dilute hydrochloric or 
sulphuric acid on a bismuth-magnesium alloy. Its formation was first detected 
In the use of the radio-active isotopes of bismuth, radium C and thorium C. 
which can be detected in very small amounts. It is an exceedingly unstable 
gas. but can lx- condensed in liquid air. It decomposes very readily on heating, 
with separation of bismuth. 


Bismuth Oxides 

hour oxides of bismuth have been described, viz.: 

Bismuth suboxidc, or monoxide. BiO, 

Bismuth trioxide, Bi 2 0 3 . 

Bismuth dioxide or tetroxide, Bi s 0 4 , 

Bismuth pentoxide, BUO-. 

The first named is somewhat doubtful. 

Bismuth suboxidc, BiO. is said to be formed when the trioxide is reduced 
with carbon monoxide, or when bismuth oxalate is heated. It is a black powder, 
which has been thought by some to be a mixture of bismuth and bismuth trioxide. 

Bismuth Trioxide, Bi_,O n 

This oxide is formed when bismuth is heated in air, or when the 
hydrated oxide, carbonate or nitrate is calcined. The other oxides 
also pass into the trioxide when heated in air. It is a cream-coloured 
powder, which is not acted upon by water. It is readily reduced to the 
metal when heated with carbon or hydrogen. It exhibits marked 
basic properties, for it reacts with acids to form salts. It forms a 
series of hydrates. BiO.OH. (HO) 2 BiOBi(OH)., and Bi(OH) 3 . which 
can be obtained bv pouring an acid solution of bismuth nitrate into 
excess of aqueous ammonia, when the trihydrate is formed. This 
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loses water progressively on gentle heating. Ihese hydrates do not 
exhibit any acidic properties. 

Bismuth Dioxide, or Tctroxide, BuO, 

If chlorine be passed into a boiling aqueous solution of potassium hydroxide 
in which bismuth trioxide is suspended, a dark chocolate-brown precipitate 

formed: ^ , v _ 

Bi,Oj + KOCI = KC1 + Bi,0 4 

The precipitate is washed with water and dilute nitric acid, and dried at 180*. 
It appears to be a mixture of hydrated bismuth tetrox.de .with 

variable amounts of the pentoxide. In some respec * ,s ^ like those 
antimony tetroxide. but its mode of formation and many properties are I kc those 
of lead dioxide. When heated to 200° it decomposes into the tnoxide. NMth 
hydrochloric acid it gives chlorine and the trichloride, and with oxyacids it 
gives oxygen and a bismuth salt. 

Bismuth Pentoxide, Bi,O s . Bismuthic Acid . 

If the action ol chlorine on an alkaline suspension ol “ s ™. th 
continued for a long period the precipitate becomes scarlet red. and has the 
composition of potassium metabismuthate, KlhO, If th'S 

and boiled for a short time ,n dilute nitric acid, scarlet-red mela bismu h c ac d 
is obtained, and when this is dried, bismuth pentoxide is formed as an unstaWc 
brown powder. When healed above 120“. ,t d«omposcs and bismuth tnox‘de 
is formed. With hydrochloric acid and oxyacids it furnishes bwnuth salt,_and 
chlorine or oxygen: thus resembling antimony pentoxide in bcha.v mg; ms i bas c 
peroxide. The formation of bismuthates shows that it also exhibits feeble acid 

properties. 

§ 25 Other Compounds ot Bismuth 

Bismuth carbonate, bismuthyl carbonate, (Bi0) 2 C0 3 . is precipitated 
by addition of carbonate or bicarbonate solutions to bismuth nitrate. 
It is a basic carbonate, the normal carbonate being unknown ; but 
it is the only carbonate formed by elements of (*roup \ . 

Bismuth chloride, BiCl 3 . is formed by the direct action of chlorine 
on bismuth ; by heating bismuth with mercuric chloride; by { f' * cUo " 
of concentrated hydrochloric acid on bismuth trioxide; and b> the 
action of aqua regia on bismuth. Bismuth trichloride is a white 
crystalline mass, deliquescent in air. It melts at .30 and l>oils at 
447°. Its vapour density B>4 corresponds with the formula BiU a . 
When bismuth trichloride is dissolved in a little water it forms a 
syrupy liquid, but with an excess of water, a white precipitate ot 

bismuth oxychloride, BiOCl. . • 

This property is used as a test for bismuth in qualitative anal) ms. 

Bismuth oxychloride, bismuthyl chloride, BiOCl is obtained as 
above from the trichloride, or by the interaction of solutions of sodium 
chloride and bismuth nitrate: 

Bi(N0 3 ) 3 + 3NaCI + H 2 0 = BiOCl 4- 3NaN0 3 4- 2HCI. 

It differs from the oxychlorides of arsenic and antimony in that it is 
not decomposed by water; and from antimony oxychloride in being 
insoluble in tartaric acid. It has been used as a pigment under the 
name of “ pearl white.” 
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Bismuth nitrate, Bi(N0 3 ) 3 , can be made by the action of nitric 
arid on bismuth itself, or on the trioxide or carbonate. It is a colourless 
crystalline deliquescent substance, soluble in water. With a large 
excess of water, it forms bismuth subnitrate which is used in medicine, 
and was at one time employed as a constituent of face-powder: 

Bi(N0 3 ) 3 -f H 2 0 = BiO.NO, + 2HN0 3 . 

Bismuth sulphide, Bi 2 S 3 , occurs native as bismuth glance and is 
formed as a dark brown precipitate when hydrogen sulphide is passed 
through a solution of a bismuth salt acidified with hydrochloric acid. 
It differs from the trisulphides of arsenic and antimony in not exhibiting 
Sllc ^' marked acidic properties; thus it does not form solutions with 
alkali hydroxides or hydrosulphide, although it does react to some 
extent with alkali sulphides. 


§ 26 The Elements of Sub-Group VA 

Vanadium, V 
History 

K ! Kin. m 1801. expressed the opinion that a Mexican ore which he analysed 
contained a new metal which he called “ erythronium from the Greek «pvdpts 
invthioi). ted because it furnished red salts when treated with acids. Del Rio 
abandoned his opinion when Collet-Descostils, four years later, claimed that the 
supposed new metal was an impure chromium oxide. In 1830 N. G. Sefstrom 
described a new mineral which he found in some Swedish iron ores, and suggested 
, r d the name " vanadium “—from " Vanadis." a Scandinavian goddess. 
Immediately afterwards. F. Wohler. 1831 established the identity of Sefstrom s 
vanadium ' with Del Rio's “ erythronium." F. Wohler had also found some- 
, "" ,K s,ri »b«e in a Mexican lead ore bom Zimapan, before Sefstrom's announce 
merit, and put it aside for future examination. 

J. J. Her/elius. |N3|, investigated vanadium, and he appears to have been 
under Die impression that the oxide VO was the metal itself. H. E. Roscoe. 
m 18117. isolated the metal and established its relationship with the nitrogen 
family ol elements 6 


Occurrence 

\ anadium does not occur free, but is widely distributed in many rocks. The 
principal ores are camotiU' (potassium uranyl vanadate). 2U t O,. V ,Oj". K.0.3H.0* 
an impure vanadium sulphide: and vanadtnite . PbdVOdCU. which is 
mined in the Peruvian Andes. The ashes of some Peruvian coals are said to 
contain up to 48 |>er cent of vanadic oxide. Small quantities occur in iron ores 
ami traces occur in many British fireclays and granitic rocks 


Extraction 

l or commercial purposes vanadium is not required in the pure metallic state 
most of it is marketed in the form of a ferro-vanadium alloy containing 30 to 40 
percent of vanadium. b 

The ores arc fused with sodium carbonate and nitrate, and sodium vanadate is 
lormetl Ibis is extracted with water and treated with an ammonium salt 
vii vn 81V u- l an V ran " 0 1 t ‘ ,O, . ,rc ‘ l l >ric, P'tate of ammonium meta-vanadate, 
rein ims " K " * Sl1 ,N ,KaUd * n,orc or less impure vanadium pentoxide 

il ! l, i ,,n ,s ‘'Stained from the pentoxide tor crude vanadates, such 
IS iron vanadate) by reduction of a nnvturc of the vanadium compound, iron 


31 PHOSPHORUS AND THE REMAINING ELEMENTS OF GROUP V <95 


ore or scale, lime or fluorspar and coke in an electric furnace As an alternative* 
the Goldschmidt thermite process can be used 

Pure vanadium is difficult to obtain even on a small scale on account of the 
high temperature necessary, and the tendency to re-oxidation 1 he metal has 
been obtained by reduction of the pentoxide by the ** thermite method, using 
mischmctall (page 708) in place of aluminium. 

Vanadium forms at least four oxides, viz.: 

Hypovanadous oxide. VO or V,O f . 

Vanadous oxide. V,0 3 . 

Hypovanadic oxide. VO, or \ ,0 4 . 

Vanadic oxide (vanadium pentoxide). \ ,O k . 


In addition a monoxide V.O has been reported, though its existence is doubtful 

Hypovanadous oxide, VO or V.O. is made by the reduction of higher oxides 
with potassium. It is a black powder which was at one time mistaken for the 
element It reacts with acids forming lavender-coloured solutions of h>*po- 
vanadous salts, from which caustic alkalis precipitate hypovanadous hydroxide. 
V(OH) t . one of the most powerful reducing agents know n 

Vanadous oxide, vanadium trioxidc. V,0,. is made as a black powder by 
reducing the pentoxide with hydrogen. It burns in air to the pentoxide and 
only reacts with acids with difficulty The vanadous salts when obtained are 

green in solution 

Hypovanadic oxide. VO, or V,0 4 . is made by reducing the pentoxide with 
sulphur dioxide. It is an amphoteric oxide; thus with alkali h>droxides it forms 
hydrovanadates, e.g.. sodium hypovanadate. Na,\ 4 O t . while vanad>l salts result 
wUh acids, e.g.. vanadyl chloride. VOC1,. The vanadyl salts give blue solutions. 

Vanadium pentoxide. V,O s . results from the oxidation of vanadium compounds 
in general. It is a yellowish-red powder, sparingly soluble in water which 
with alkalis gives rise to a series of vanadates analogous to the phosphates, e.g.. 

N The 0 b^ic N p?opc« a ws , ?f’vanadium oxides become less and less pronounced as 
the proportion of oxygen increases I he higher oxides exhibit acidic as well as 
basic properties. The element also forms a scries of chlorides Ul„ \U,. and 
VC1 The existence of VCL is doubtful. There is also a series of vanadyl com- 
pounds or oxychlorides—(VO),CI, VOCI. VOCI and VOCI,. Unlike mtrogen 
and phosphorus, vanadium is undoubtedly a metal As in the case of phospliorux 
the element, if heated to a high temperature, burns to the pentoxide. \ t O y 
The melting point of the metal is about 1710 . 

Vanadium is used in making special steels because very small quantities of 
vanadium produce a remarkable refinement ol the gram with consequent 
increase of tensile strength, ductility and fatigue limit Chrome-vanadium steel 
is used for motor vehicle springs and other components subjected to alternations 
of stress and. in amounts up to about 1*5 per cent., vanadium is an essential 

constituent of high-speed steels (Cl. page 819.) 

Vanadium pentoxide is used as a catalyst in the oxidation of naphthalene and 
in the manufacture of sulphuric acid (modified contact process page 4,0). 
Compounds of vanadium are also employed in the manufacture of ink. in dyeing, 
as accelerators in the drying of paint and varnish, in insecticides, photographic 
chemicals, therapeutic preparations and in glass manufacture. 


History of Niobium and Tantalum 

In 1801 C Hatchett analysed some chromium minerals from Connecticut, and 
found an earth hitherto unknown He named the mineral *' columbite.” after 
the place of its origin, and the element was designated ** columbiuin.” A year 
later 1802 A G Ekcbcrg found a new element in some Finnish minerals resem¬ 
bling coluinbitc. To this he gave the name ” tantalum." from " Tantalus ** of 
Grecian mythology. »n allusion to the M tantalizing ” difficulties he encountered 
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in dissolving the mineral in acids. In 1844 H. Rose noticed two new elements in 
a sample of columbite from Bodcnmais: one, tantalum, is similar to Ekcbcrg's 
tantalum; and the other has been called " niobium.” from Niobe, the mytho¬ 
logical daughter of Tantalus. Hatchett's ** columbium ” was probably a mixture 
of both tantalum and niobium. The term " columbium ” is still applied to 
Rose’s niobium, particularly in the U.S.A. 


Niobium, Nb, or Columbium, Cb, and Tantalum, Ta 

These two elements are found associated in the isomorphous minerals lantalite, 
Fe(TaO a ) a ; and columbite or niobitc, Fe(NbO a ) t . One or both of the elements 
occur in several rare earths—monazite, and yttrotantalite—and also in tinstone, 
pitchblende, wolfram, and many other minerals. Niobium forms a mono-, di-. 
and a penta-oxidc; and tantalum a di- and a penta-oxide. Niobium forms 
both a tri- and a pentachloride, while tantalum forms the pentachloride. Both 
elements exhibit feeble base-forming qualities, and their chief compounds are 
the niobates and the tantalates. The elements are produced when the chlorides 
are reduced in a current of hydrogen. Tantalum forms a series of complex salts 
with alkaline fluorides. Thus. K,TaF 7 is formed in rhombic needles when a 
solution of tantalic acid in hydrofluoric acid is treated with potassium Huoridc. 
The sparing solubility of this salt in hydrofluoric acid enables tantalum to be 
separated from niobium Niobium metal melts at about 1950° tantalum at 
2h.->tF. 

Tantalum was formerly used for the filaments ol electric lamps, but it has now 
been superseded by tungsten for this purpose. It is used as an electrode in 
alternating-current rectifiers, and in the manufacture ol surgical and dental 
instruments on account of its resistance to chemical attack, and the hardness of 
the surface which can be produced by suitable heat treatment. The carbides of 
niobium and tantalum are used in conjunction with tungsten carbide in the 
production of certain classes of steel-cutting tools and dies. 

Protoactinium, Pa 

The principal investigations of protoactimuin have been connected with its 
radio-active properties; and it is discussed from this point of view in Chapter 
3fi Chemically it appears to resemble tantalum; although the pentoxide. a 
heavy white powder, is slightly basic and resembles thorium dioxide; thus it 
reacts with warm concentrated sulphuric acid. Put is not affected by fused po¬ 
tassium carbonate In this it resembles its horizontal neighbours in the Periodic 
Table. Its atomic weight is 231, which is lower than that of thorium <23212). 
These two elements thus constitute another reversed pair like argon and potassium, 
and iodine and tellurium. 


§ 27 The Relationships of the Group V Elements 

In this group the relationship between the “ typical " elements and 
the elements of the B sub-group is much more marked than with the 
A sub-group. This is usual in the later groups of the Periodic Table 
and is in harmony with present-day views concerning the electronic 
configurations of the atoms. These configurations are indicated in 
fables LVIII and LIX From these figures it is evident that the 
members of the A sub-group are properly regarded as transition 
elements, since the penultimate electron group is incomplete, and is in 
process of filling up. On the other hand the elements of the B sub¬ 
group have the penultimate group complete. It is also clear that the 
five elements nitrogen, phosphorus, arsenic, antimony and bismuth are 


PHOSPHORUS AND THE REMAINING ELEMENTS OF GROUP V 


_ __ nrw.tvvvr n PUPK'K OF GROUP V lO t 

61 ] 

alike in having complete penultimate electron groups, and an identica! 
configuration of the outermost electron group. The close resemblance 
between vanadium, niobium and tantalum is also indicated likewise 
the extent of the resemblances and differences to be anticipated 
between these three and the other five elements. I bus. as transition 
elements, they are characterized by very variable valenc> , tie 
formation of highly coloured ions; they are also paramagnetic and 
have marked catalytic power. The variability of valency dtp n > 
upon the fact that some of the electrons of the incomplete penultimate 
group can be detached almost as easily as the outermost and. conse¬ 
quently. leads to the expectation that the resemblance to the nitro en 
bismuth series will be mainly confined to the compounds of highest 
valency (five) in each case. 


Table LVIII 


Element 

Electrons in Orbits 

Is 

2s 2 p 

3s 3 p 3fi 

4s 4 p 4 d 4/ 

5s 5/> ad 

Gs 6/> (id 

7s 

Vanadium 

o 

2 0 

2 0 3 1 

2 




Niobium . 

2 

2 « 

2 0 10 

,204 

1 



Tantalum . 

2 

2 6 

2 0 10 

2 0 10 14 

2 0 3 

o 


Protoactinium . 

2 

2 0 

2 0 10 

j 2 0 10 14 

j 2 0 10 

2 G 4 

1 


Table LIX 


Element 

Electrons in Orbits 

Is 

2s 2/> 

3s 3/> 3</ 

4s 4/> 4 d 4 J 

5s 5 p 5t/ 

Gs 6/> 

Nitrogen 

Phosphorus . 

Arsenic . • 

Antimony 

Bismuth 

2 

2 

2 

2 

2 

2 3 

2 G 

2 6 

2 G 

2 6 

2 3 

2 G 10 

2 G 10 

2 G 10 

2 3 

2 G 10 

2 G 10 14 

2 3 

2 6 10 

2 3 


Turnine now to the genera! characteristics ol the two sections of the 
eroun the properties of nitrogen, phosphorus, arsenic, antimony and 
bismuth show a gradual transition from the non-mctalhc nitrogen to 
the metallic bismuth The apparent chemical inactivity of nitrogen 
is in striking contrast with the activity of phosphorus; and the 
volatility and solubility of the oxides and acids of nitrogen are m 
similar contrast with the corresponding compounds o idiosphorus 
The relationship of the physical properties is indicated in 1 able L\ 
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Table LX —Properties of the Nitrogen-Phosphorus Family 



Nitrogen 

Phosphorus 

Arsenic 

Antimony 

Bismuth 

Atomic weight . 

14008 

30 98 

74-91 

121-76 

209 

Specific gravity 

(solid) 1-026 

1-82-2-31 

4 7-5-7 

6-684 

9-8 

Atomii volume 

13-7 

about 15 

13 to 16 

18 

21-3 

Melting point . 

- 209-8° 

44-1° 

[814°] 

630-5° 

271° 

Boiling point . 

-195-8° 

280° 

[615°] 

1380° 

1450° 


1 he gradual transition of non-metals into metals with increasing 
atomic weight is brought out very clearly in this family group. The 
changes in the melting and boiling points are not so regular as the other 
properties, but this may be related to the fact that phosphorus, arsenic, 
and antimony have four-atom molecules, whereas bismuth, like 
nitrogen, lias probably a two-atom molecule. I he heat of combination 
of tlie different elements with hvdrogen shows a somewhat similar 
gradation: NH 3 , 4- 12 cals.; PH 3 , + 4-9 cals.; AsH„ -44-2 cals;. 
SI>H 3 ,-s(>-8 cals. Ammonia is a relatively strong base, phosphine 
a feeble base, while arsine and stibine do not show basic qualities, 
lienee, as the atomic weight increases, the basicity of the hydride 
decreases. This is shown by the formation of the ammonium and 
phosphonium salts, and the non-existence of the arsonium and stibium 
compounds. I'he resemblances between nitrogen, phosphorus, arsenic 
and antimony as foreshadowed by the similarities between their 
trihvdrides is accentuated by a comparison of the compounds X(CoH 5 ) 3 , 
IV jiiibi. As(C..H $!>(('., 11and the analogy becomes still further 
pronounced in comparing N(C 2 H 5 ) 4 OH, PfCaHJ.OH.AsfC^H^H, 
Sbtt 2 H-) 4 C>H, for these bodies are so surprisingly similar that they 
air almost indistinguishable from one another. 

While phosphoric oxide is volatile and stable, the corresponding 
pentoxide?. of arsenic, antimony and bismuth are resolved by heat 
into the corresponding trioxides and oxygen. Phosphorus pentoxide 
yields a whole series of polvbasic acids, but nitrogen pentoxide gives 
but one monobasic acid, HN0 3 ; the corresponding salts are also in 
strong contrast, for the nitrates are nearly all soluble in water, while 
the normal, pyro- and metaphosphates are nearly always sparingly 
soluble. Similarly with the trioxides, strict analogy is absent. The 
oxy-acids diminish in strength during the passage from nitric to 
Phosphoric, to arsenic, to antimonic. to bismuthic acid. The acidic 
properties of the oxides likewise diminish from the strongly acid nitrogen 
and phosphorus acids to the feebly acidic oxides of arsenic antimony 
and bismuth. I he basic prope rty first appears with arsenic and be¬ 
comes stronger during the passage to antimony and to bismuth The 
trichloride of nitrogen is very unstable, while with bismuth the tri- 
( blonde is quite stable. I he boiling points of the trichlorides increase 

"" “*!!.? *"*•!*' '' vi « l '! s «» dement*, thus: NC1 S boils at 
-i» , PCI,. -.!•;> ; AsClj. I2.V; SbCl 3 . 220-2°; and BiCl,, at 447°. 
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The halogen compounds of nitrogen and phosphorus are completely 
hydrolysed by water ; arsenic trichloride is also hydrolysed by water, 
but it can exist in solution in the presence of hydrochloric acid. 
Antimony and bismuth halides are incompletely hydrolysed by water 
In contrast with many of the foregoing properties, the elements ot 
the A sub-group have high melting and boiling points (see Table LX1); 
are extremely difficult to reduce from their oxides, and are all typical 
metals both' in appearance and behaviour. Further, they do not 
form hydrides. In contrast, the elements of both groups form pent- 
oxides which are acidic. Strongly so in the light elements, becoming 
less so with increasing atomic number and atomic weight, until bismuth 
pentoxide is only just acidic. 


Table LXI.—Properties of the Vanadium Family 



Vanadium 

Colutnbium 
or Niobium 

Tantalum 

Atomic weight . 

Colour 

Specific gravity . 

Atomic volume . 

Melting point 

50-95 

Silvery metal 
5-90 

9-3 

1710* 

92-91 

Steel-grey metal 
8-4 

13 3 

1950° 

180 88 

Iron-grey metal 
10-6 

23 

2850° 


Thus, in general, the resemblance between the A and B sub-groups, 
which becomes steadily more marked in passing across the I enodic 
Table from Group I to Group IV, becomes less so in Group \ ; ami 
this reversal of tendency will be seen to continue in proceeding to 
Groups VI and VII where the resemblance becomes still less noticeable. 





CHAPTER 32 

SELENIUM AND TELLURIUM 

§ 1 Group VIB of the Periodic Table 

tutsa n 1 moTwXnnm" 'LT'"* ?*»*» s "'phur. together with chromium, 
t n o, r m U T" U ?’ on the onc l,and: and selenium and 
Soup but » far i. I, t ad,0 'element polonium also belongs to this latter 
chcmica| P and ; r "i * been obtained in such minute quantities that its 
nron r.T d p • sical properties have hardlv been studied Its radio-active 

o h VrKKhc 7 Ch T Kr f Here - as is «*»l in the later pi" 

to the t i n thc cl, -; ments 1,1 the short periods are more closely related 

- » is foun d ‘" a « sulphur, selenium and 

vho, h , a Cd ' a " ds "' P !’ ,,r "U ,la P tcr «■ The relationships of Group V “al a 

"nolo arc described at the end of Chapter 33. F 

§ 2 Selenium, Se 

found w/.M r, CO '" n, °. n e , U 77 m ' a| though small quantities are often 

h ’ dm- dn t ■ 1 7 7 sulphides, e g., in pyrites Hence, it is found in 

« is discovered h i P; "^hurners in the manufacture of sulphuric acid. It 
i,W , - | ' J L ,n 1SI7 - and named from the Greek 

' " ' tho moon, owing to its resemblance to tellurium which had been dis 
covered a few years before, and named after the earth Mow, 

Iv, , r 7" K,pa sourct ‘ of Senium is now the anode mud obtained in the clectro- 
l> IC relinmg o copper (page ,110). This mud is roasted in air « hich caus« the 
sih mum dioxide formed to lie volatilized off. It is then dissolved in hydrochloric 

\ httir r i’ dUCed " " ’ SUlphUr d 7 X ' dt ' " hich caust ‘ s ,h « precipitation of selenium 
;i,. n remains unoxidized after the roasting, and' is recovered alone 

n, rate whT", hca ‘\"S ‘he residue with sodium"v<bo^dc. and 

wVth w'sf hereby sodium selenite and tellurite are formed. These ire extracted 

dioxi, e Ti, and ‘ e s<>l,l( 'on acidified, so causing the precipitation of tellurium 
lxTom. 1 ' S rem0VCd and sclen,um precipitated with sulphur dioxide as 

Selenium shows considerable resemblance to sulphur, and like it exists in 
sexeral allotropic forms. The most stable form is a grev crystalline variety 

1^1^^ "r int °r ity ^ «■? 

that the effect depended upon the change from , V < vbk V fn i° n ? Cr y SUpp0St 1 
conducting allotropic form ol selenium; but it is*now tlm ‘ ,l * ct,n S to a good 
li^ht causing emission of electrons, thus brin»intz about 1 *° >e ^!* C t0 

This behaviour has been made use of in vSnS [ Conduct,v,t . v - 

such as telephotography, photometry and ditMmg deviccs applianccs 

belemum is mainly used in the «dass indn<trv * ,• . 

ordinary glass, and for making 8 ruby gC ^ T 
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pigments for enamelled iron. It is also being used in increasing amounts m the 
rubber industry and in the preparation of pigments and paints, e.g., cadmium 
sclcnide. Certain organic derivatives are employed as photographic sensitizers 
and for toning, and sclcnobenzainide is used in froth flotation processes. Selenium 
is also now being employed, in conjunction with iron, for the rectification of 
alternating currents. 

Selenium hydride is a gas of obnoxious odour made by the action of dilute 
hydrochloric acid on ferrous selenide. It resembles hydrogen sulphide, but is 
more poisonous, and less stable. It is soluble in water, burns in air to selenium 
dioxide and water, and acts with solutions of metallic salts in a similar manner 
to hydrogen sulphide. 

Selenium dioxide, SeO,. is formed when selenium burns in dry oxygen, and 
by evaporating a solution of selenious acid prepared as described below: 

H,ScO, - SeO, + H,0. 

It is a white crystalline solid, which sublimes at 300 ,J . and combines with water 
forming selenious acid. It is used as an oxidizing agent in organic chemistry. 

Crystals of selenium dioxide have been shown, by X-ray examination, to 
consist of chains of alternate oxygen and selenium atoms with another oxygen 
atom attached to each selenium atom. The electronic structure is represented 
thus: 



:Se:0:Se:0:Se:0:Se:0: 


: 0 : : 0 : 

Selenium trioxidc, SeO a , has been prepared (Rheinboldt, Hessel and Schweitzer, 
1930) by the action of oxygen on selenium under the influence of a high-frequency 
discharge. It is a white, very hygroscopic solid 

Selenious acid, H,SeO,. is made by the action of nitric acid on selenium : 

Se + 4HNO, =* HjSeOj + H,0 + 4NO, 

It is a colourless, crystalline solid, soluble in water; the solution resembles 
sulphurous acid. It decomposes on heating, and is readily reduced to selenium, 
e.g., by sulphur dioxide On oxidation, e g., by chlorine or bromine, selenic acid 
is formed. 

Selenic acid, H,Se0 4 . is made by oxidation of aqueous selenious acid by means 
of chlorine: 

H t SeC)j + Cl, + 11,0 = H,Sc0 4 + 2HCI. 

On cautious evaporation of the solution, crystals ol the acid can be obtained 
It resembles sulphuric acid in many respects, particularly in its vigorous action 
with water. It is, however, a weaker acid than sulphuric, and is much more 
readily decomposed by heat, passing at temperatures mm h below its Ixuling point 
into selenium dioxide and oxygen: 

2H,Se0 4 = 211,0 -f 2 SeO, + O, 

The selenates are very similar to the sulphates, with which they are isomorphous. 

Selenium forms compounds of the type SeX 4 with fluorine, chlorine and 
bromine; it also forms a very stable hexafluoride, but no coni|Miuiids of selenium 
and iodine are known. 


§ 3 Tellurium, Te 

Tellurium, like selenium, is not a plentiful element although it is widely 
distributed in small amounts. It occurs as tellurides sii« h as iftmiiyinitf. Hi,le,. 
and, with selenium, is found in the anode mud from electrolyte copper refining. 
This is the principal source ol tellurium It is obtained from the mud as tellurium 

2D 
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dioxide, as described under selenium, and is reduced to the element by roasting 
with coal or charcoal, or by passing sulphur dioxide into its solution in hydro¬ 
chloric acid. It can also be made from tetradymite by fusion with soiium 
carbonate, followed by oxidation of the sodium tclluridc thus formed by passing 
air through its aqueous solution : 

BijTc 5 -t :tNa s CO, * B.,0, + 3CO t + 3Na,Te 
2Na t Te + O, + 2H,0 = 4NaOH + 2Te 

Tellurium was discovered in 1782 by Muller von Reichcnstein, and named by 
Klaproth in 1798 from the Latin ifllus. the earth. It exists in at least two 
allotropic forms The stable form is a grey, crystalline solid with a metallic 
lustre; the other form is amorphous. Tellurium resembles both sulphur and 
selenium in chemical properties, but the hydride is even more unstable than 
hydrogen selenide and the dioxide is amphoteric. It burns in air to the dioxide, 
and is attacked by chlorine It is unaffected by acids which are not oxidizing 
agents; nitric and sulphuric acids oxidize it. 

The addition of tellurium to lead has been suggested, since it increases its 
resistance to chemical attack and improves its tensile strength, and lead containing 
U-or> per cent of tellurium is used for the sheaths ol electric cables. It has also 
been used for electroplating silver for the production of a dark finish, and as an 
addition to copper (Cf. page ti 13.1 

Atomic Weight of Tellurium 

From the time when Mendeleel first enunciated the Periodic Law until Moseley's 
work on atomic numbers, the atomic weights of iodine and tellurium occasioned 
difficulty For all determinations of these quantities resulted in values lor 
tellurium higher than those tor iodine. These, if followed in drawing up the 
Periodic fable, would require iodine to come before tellurium, and thus put these 
two element^ in obviously unsuitable places; iodine with sulphur and selenium, 
and tellurium with the halogens Mendclcef himself rightly reversed this order, 
but predicted that further investigation would show one or both of these atomic 
weights to h<* wrong This prediction has not ben fulfilled; the values at present 
recommended by the International Committee being 127 01 for tellurium (based 
on some sixty sets ol experiments, particularly those ol Honigschmid) and 
12U-92 loi iodine The true explanation of these facts was furnished by the work 
of Moseley who showed that the position of an element in the Periodic Table is 
determined In its atomic ntmibet and not by its atomic weight; and of Aston 
who found that tellurium consists ol several isotopes ol masses 122, 123, 124. 

I I2i». 128 and 130. the last two being present in by far the largest proportion, 
thus giving tellurium an atomic weight substantially greater than that of iodine 
which »> a ** pure " element of mass 127. (See also Chapter 9. pages 133-8.) 

Hydrogen tclluridc, ll.Tc, is obtained by the action ol dilute hydrochloric 
acid upon zinc or magnesium tclluridc: 

MgTe + 211C. = MgCl, + H ? Tc 

It i» usually contaminated with hydrogen when prepared in this way; it can be 
purified by condensation in a freezing mixture, since it boils at -1*8°. It is 
a colourless gas. with an evil smell, it is even more unstable than hydrogen 
selenide. decomposing at ordinary temperatures on exposure to light In the 
main it resembles hydrogen selenide 

Tellurium dioxide, I e() 8 . is obtained, like selenium dioxide, by burning the 
element in air or oxygen, or by oxidation with nitric acid It is a colourless solid, 
very sparingly soluble in water, and the solution i> neutral to litmus. It reacts 
with alkali hydroxide solutions, forming solutions ol 'elhtntcs ; it also exhibits 
feeble basic properties forming, lor example, a basic nitrate. 2TcO s .HNO s . 

Tellurium trioxidc, TcO,, is obtained as an orange-yellow powder by heating 
tellutic acid to dull redness. It is insoluble *n water with which it does not 
recombine to: orm telluric acid. 
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Telluric acid, H,TcO e . is tormcd by dissolving tellurium in a mixture of nitric 
and hydrochloric acids, which yields tcllurous acid ; and then oxidizing bv adding 
chloric acid in small portions The resulting solution is evaporated in vacuo. 
when the acid crystallizes out and may be recrystallized from water It is a 
colourless crystalline solid of the composition H,TeO, and was formerly con¬ 
sidered to be'the hydrate H s Tc0,.2H,0 It is now believed to be not a hydrate, 
but the true ortho-acid H,TeO„ a beliel which is confirmed by the preparation 
of the compound Ca,TcO # . and by the molecular weight of the acid in solution. 
It is a very weak acid, which differs considerably from sulphuric acid. It is 
reduced to tellurium by sulphur dioxide. 

The tellurates somewhat resemble the selenates, but. unlike them, are not 
isomorphous with the sulphates, and do not form alums. 

Tellurium forms halides of the type TeX 4 with all four halogens; in addition 
a hexafluoride TeF, is known, and the dihalides TeCl, and TcBr, have been 
reported. 



CHAPTER 33 


CHROMIUM, MOLYBDENUM. TUNGSTEN AND 

URANIUM 

§ 1 Sub-group VIA of the Periodic Table 

The sub-group comprises the four elements chromium, molybdenum, 
tungsten and uranium, which exhibit among themselves a considerable 
amount of resemblance in their properties, and to a lesser ex. 'nt 
justify classification along with the elements of Group VIb. As in 
Group Va, there are important horizontal relationships. 


§2 Chromium, Cr. History, Occurrence and Extraction 
History 

In 1702 J. G. Legmann, in a letter to the naturalist G. L. L. de 
Buffon. described a new mineral from Siberia. We now know this 
mineral to be crocoisite, or lead chromate. Both L. N. V auquelm and 
Macquart. in 1789, failed to recognize in the mineral a new element, 
and both reported lead, iron, alumina, and a large amount of oxygen. 
However, in 1797, L. X. Vauquelin re-examined the mineral and 
concluded that the lead must be combined with a peculiar acid which 
he considered to be the oxide of a new metal. This he called chromium 
—from the Greek X P^ [chroma), colour-because its compounds are 
all coloured. In 1798 L. N. Vauquelin detected the new element in 
spinel and in smaragdite, and F. Tassaert found chromium in chrome 
iron ore in 1799. 


Occurrence 

Metallic chromium does not occur free in nature. It occurs combined 
with oxvgen in chrome ochre which is chromium sesquioxide, Cr 2 0 ? . 
associated with more or less earthy matters. Chromite , Fe(CrO.,) 2 , is 
the chief ore of chromium. It also occurs as lead chromate in crocoite 
or crocoisite, PbCrO,. Traces occur in many minerals—emerald, jade, 
serpentine, etc. 

Extraction of Metallic Chromium 

The principal source of chromium is chrome iron ore. Chromium 
comes on to the market principally as sodium or potassium chromate 
and dichromate, made from the ore. as described on page 810. m 

Metallic chromium is made commercially by the “ thermite 
process (cf. page 097) and by reduction of chromic oxide by means of 
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the theoretical amount of silicon in an electric arc furnace. Some quick¬ 
lime is also added to form a slag with the silica produced: 

2Cr 2 0 3 + 3Si + 3CaO = 4Cr + 3CaSi0 3 . 

For the former process an intimate mixture of chromium sesquioxide 
and aluminium powder is placed in a refractory-lined container. A 
mixture of sodium or barium peroxide and aluminium powder is 
placed over this; a piece of magnesium ribbon is stuck into the latter 
mixture and a layer of powdered fluorspar placed over all. 1 he crucible 
is embedded in sand and the magnesium ribbon ignited. \\ hen the 
flame reaches the peroxide mixture, the aluminium is oxidized with 
explosive violence; the heat of combustion of the aluminium in t ns 
ignition mixture starts the reaction between the chromic oxide and 
aluminium, and it rapidly spreads through the whole mass. Ihe 
chromium formed is melted and sinks to the bottom of the crucible, 
and the alumina forms a slag of artificial corundum: 

2A1 4- Cr 2 0 3 = 2Cr + A1 2 0 3 . 

§ 3 Properties, Uses and Atomic Weight of C hromium 

Chromium is a bluish-white metal, capable of taking a very high 
polish. The pure metal is relatively soft, but as usually obtained 
chromium is among the hardest of the common metals on accoun o 
the presence of small amounts of carbon. It has a high melting poin . 
1830°. Under ordinary conditions it is stable in air. but it is super¬ 
ficially oxidized when heated in air or oxygen. W hen heated <> - 
in oxygen it burns with great brilliance. It retains a brilliant linis i 
when exposed to all normal atmospheric corroding agents, iik m iiv 
rain, snow and sea-water, hydrogen sulphide, sulphur dioxn e am 
sulphur compounds generally. It is attacked by dilute h\t roc m>ii< 
and sulphuric acids, slowly in the cold, more rapidly on ua mg, 
forming blue solutions of chromous salts and hydrogen: 

Cr + 2HC1 = CrCl 2 + H 2 . 

These blue solutions rapidly turn green on exposure to the air owing 
to the formation of chromic salts: 

4CrCl 2 4- 4MCI 4- 0 2 = 4CrCl a 4- 2H a O. 

Concentrated sulphuric acid attacks it, yielding sulphm dioxidi «ind 
chromic sulphate. Dilute nitric acid does not attack the pur<- nu a 
and when placed in contact with concentrated nitric acid. c * n,inil . l . m 
becomes inert or passive : it is no longer attacked by acids whu i < **- 
solve it under normal conditions. I his phenomenon is luit hi cul1 
sidered under iron (page 855). 

Uses 

The most important use of chromium is probably the production of 
special steels. It is added to the steel in the form of an alloy wiin 
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iron known as ferrochrome (containing 40 to 80 per cent, of chromium), 
made cither by the aluminothermic process, or by reducing a mixture 
of iron and chromium oxides with carbon in an electric furnace. 
There are three main types of stainless steel , viz., one containing 13 per 
cent, of chromium and 01 to 0*4 per cent, of carbon (used for cutlery); 
one with 17 per cent, of chromium and 2 per cent, of nickel; and the 
staybrite type with 18 per cent, of chromium and 6 per cent, of nickel, 
with or without small additions of titanium, silicon or niobium. A 
chrome steel with 1 to U per cent, of carbon and 2.1 to 4 per cent, of 
chromium is so hard that it cannot be worked by ordinary hardened 
tool steels so that it is drill-proof. It is used in the manufacture of 
burglar-proof safes, stamp-mill shoes, etc. t hrome-vanadium steel is 
wry hard and strong, and is now being used for gears, springs, axle- 
shafts, locomotive wheels, etc. It has the very valuable property that its 
characteristics can be varied to a surprising extent by heat treatment. 

( hrome-nickel steals are used for armour plates; and chrome-tungsten 
and chrome-molybdenum steels are used for high-speed tools. 

Xichrnwe is an important alloy, containing approximately 11 to -o 
IM*r cent, oi chromium, and 50 to 70 per cent, of nickel (the rest usually 
bring iron), which is remarkably resistant to atmospheric corrosion, 
even at high temperatures. It is hence used for the windings of electric 
tires and for similar purposes. Its special properties are probably the 
result of a protective oxide layer which has almost the same coefficient 
of expansion a- the parent metal and is therefore coherent. Stellite, 
an alloy of chromium, cobalt and tungsten, is used for surgical instru¬ 
ments. and >ome motor-car parts. It has also been suggested for the 
manufacture of tools, and possesses remarkable resistance to corrosion. 

< hroniiuni is now widely used as a plating metal on account of its 
remarkable resistance to corrosion, and the high protective power of 

thin layers. . , 

For chromium plating the conditions require careful control, 

although the exact details vary somewhat in different works. I he 
baths used always contain chromium in both the sexivalent and ter- 
valent conditions, e.g.. chromium trioxide (250 grams per litre) and 
chromium sulphate (3 grains per litre), using a lead anode. Small 
quantities of other sulphates, such as cobalt, nickel, zinc or cadmium, 
are sometimes added, as these improve the “ throwing power " of the 
bath ; and a temperature of 40 is often employed as this results in the 
formation of a very hard, coherent deposit. In plating iron it is usua 
to put on a layer of copper or nickel, sometimes both, before the 

chromium. , . . . # 

Of chromium compounds, chromite is used in making the hearths oi 

■steel furnaces since it can be used as a neutral refractory material 
between the basic (magnesian) bricks and acidic (siliceous) bricks, 
t htoimte bricks are not injured by contact with basic, nor with acid 
bricks; whereas acidic and basic bricks, when heated in contact with 
one another, are likely to fuse at the surfaces of contact owing to the 
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formation of fusible silicates. The bricks are very refractory-soften¬ 
ing between 2000° and 2100°—and do not crack by sudden heating and 

cooling. .... . .. 

Potassium and sodium chromates are used in dyeing; in the manu¬ 
facture of pigments (chrome yellow, chrome red. Guignet’s green, etc.); 
in tanning leather, etc. 

Chromium salts are also used as colouring agents in the manufacture 
of glass and pottery, and are used as mordants in d\oing. 

Atomic Weight 

The atomic weight ol chromium is seen to be in the neighbourhood 
of 52 from the vapour densities of volatile compounds, such aschromyl 

chloride and the value of its specific heat (0-12). 

The most accurate experimental determinations of the combining 
weight have been made by preparing pure silver chromate and di- 
chromate, followed by reduction with sulphur dioxide and in other 
ways, and the precipitation of the silver, as silver chloride. ult J] ‘ l 
possible precautions. In this way. Baxter obtained the \aue 
for the atomic weight of chromium and this is that at present recoin 
mended by the International Committee. 

§4 Oxides and Hydroxides of Chromium 
Chromium forms three well-defined oxides, viz.: 

Chromous oxide. (TO, n 

Chromium sesquioxide or chromic oxide, Cr.,U 3 , 

• Chromium trioxide. Cr0 3 . 

In addition, several oxides intermediate between the >esquio.\kk 
and the trioxide have been reported, and regarded as chromium 
chromates (e.g., Cr 3 O 0 or Cr 2 0 3 .Cr0 3 ). but their individual existence is 
somewhat doubtful. 

Chromous oxide, CrO, is obtained as a black powder by warming 
chromium amalgam with dilute nitric acid. It is not attackec >\ 
nitric acid, but reacts with dilute sulphuric and hydro* liloric acu s. 
It is reduced by hydrogen at 1000°. whereas chromic oxide is not 
affected by hydrogen at 1300 . 

Chromous hydroxide, Cr(OH),. is obtained by the action o a * 
hydroxide solutions on solutions of chromous salts. It is a \e owis i- 
brown precipitate which rapidly oxidizes in air and which dec (imposts, 
on heating, into chromic oxide, hydrogen and water: 

2Cr(OH), = Cr 2 0* + H* + H,0. 

Chromium Sesquioxide, Chromic Oxide, Cr 2 0 3 

This oxide is obtained when chromic hydroxide is heated, and al> > 
when ammonium dichromate, or a mixture of potassium die■Inornate 
and ammonium chloride, is treated similarly: 
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(NH 4 ) 2 Cr 2 0 7 = Cr 2 0 3 + N 2 + 4H 2 0 
2NH«C1 + K 2 Cr 2 0 7 = Cr 2 0 3 + N 2 + 4H 2 0 + 2KC1. 

In the latter case, the green residue is washed with water till free from 

potassium chloride, and dried. . 

Chromic oxide is a green powder, which is used as a pigment. Thus, 
Guignet’s green, for instance, is made by calcining potassium dichromate 
with boric acid. etc. Chromic sesquioxide, in an extremely fine state 
of subdivision, appears to be crimson, for if an intimate mixture ot 
stannic oxide, or zinc oxide, or alumina, with a very small proportion 
of chromic oxide, be heated to a high temperature m an oxidizing 
atmosphere a red powder is obtained. There is some evidence to 
show that the red colour is not caused by the formation of a chemical 
compound, and that the “ chrome-tin ” colour is related to purple ot 
Cassius (q.v.). The 44 chrome-tin ” crimson is used for colouring 

P Chromfc oxide is a basic oxide, and forms salts with acids. When, 
however, it has been calcined at a high temperature it only dissolves 
in acids very slowlv. It also appears to exhibit acidic properties, tor, 
when fused with alkalis, it forms chromites, and if air be allowed access 
or an oxidizing agent such as potassium chlorate be present, yellow 
chromates result: 

Cr,0, + 2NaOH = 2NaCrO. + H*0 
2Cr.O, + 8XaOH + 30* = 4Na*Cr0 4 + 4H.O. 

It is thus an amphoteric oxide. 

Chromic hydroxide. Cr(OH),. separates as a bluish-green, gelatinous 
precipitate when ammonia or alkali hydroxide solution is added to 
a green chromic salt. When freshly precipitated, it reacts readily 
with acids, forming chromic salts; but after standing for some tune in 
contact with dilute alkali, its properties change and it then only reacts 
with difficulty. Another variety, probably a hydrated form, results 
when alkali is added to solutions of violet chromic salts. Similarly, 
when freshly precipitated, chromic hydroxide goes into solution in 
alkali hydroxide solution, possibly with the formation of chromites; 
although it has been suggested that these are solutions of colloidal 
chromium hydroxide. On heating, chromium hydroxide loses water 
and chromic oxide remains. In presence of alkali solutions, chromic 
hydroxide is readily oxidized to chromates by chlorine or bromine. 

Chromium trioxide, CrO„ is obtained in long, scarlet, needle-like 
crystals when a concentrated solution of potassium dichromate is 
treated with concentrated sulphuric acid and cooled: 

KM 4- 2H 2 SOj = KHS0 4 + H 2 0 + 2Cr0 3 . 

The crystals are filtered on glass wool, washed with concentrated 
nitric acid to remove sulphates and sulphuric acid, and dried in a 
current of warm air. 
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Chromium trioxide forms deep red. very deliquescent pnsmatic 
needles. It can be volatilized at about 110 and melts at Ut with 
some decomposition. When heated to 250 . it rapidly decompose* 
into chromic oxide and oxygen: 

4Cr0 3 = 2Cr 2 0 3 -f 30 2 . 

It is very soluble in water, and the solution probably contains several 

of the polychromic acids (see below). , 

Chromium trioxide is a vigorous oxidizing agent owing to the 
readiness with which it seems to part with oxygen o 

oxide CrXK- Thus, alcohol dropped on to the oxide takes fire . whui 

ammoniagas impinges on the crystals, the reduction takes place with 
“sce^ce; paper is charred at once: carbonaceous matter « 

oxidized to carbon dioxide. 

Polychromic Acids . ., , 

The solution of chromium trioxide in water is strongly acid and 
deep orange-red in colour, and probably contains sewal 

chromic acids, c.g., dichromic aad. . s 7 ; . t , ' 

HCrO ' and tetrachromic acid, H,( r,0 13 . Ihe chromate 101 , 

CiO, , is apparently not stable in presence of acid (or -on). 

Salts corresponding to these acids are ki o ,-omnound of 

dichromate (described below) is the most ■mporUnt compound of 

chromium- bv treating it with chromium trioxuli. potassium tri 
chromium , oy “eaiiiig tlu . tfichromate with concen- 

Se7ni t**?' potassium ‘ tt rachromatc n*..^ IJlJ; 

addThomwhiS they a arelriv‘<>. r^ttom the condensation of 
?wo, three or tour molecules of chromic acid. w.th elun.nat.on of 

water, thus: q 

O 11 


0=Cr—OH 

I 

OH 

chromic acid 


O 


O 


0=Cr—O—Cr=0 

| I 

on on 

dichromic acid 

O 


O—Cr—O—Cr—O—Cr=O 

I | I 
6 on 

mchromic acid 

o O 


OH 


O 


O 


II I I 1 ^ 

0 =Cr—O—Cr—O- Cr-0-Cr=0 


OH 


6 O 

tetrachromic acid 


OH 
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The addition of alkali to any of these polychromates reconverts 
them into normal chromates; water hydrolyses them to dichromates. 
This phenomenon of condensation occurs with a number of oxyacids, 
e.g., boric, iodic and phosphoric acids, and particularly with molybdic 
and tungstic acids (pages 817 and 819). 

Potassium chromate and dichromate are the most important com¬ 
pounds of chromium, and are manufactured from chrome iron ore. 
The ore is finely ground and mixed with soda ash (anhydrous sodium 
carbonate) and quicklime and then roasted in an oxidizing atmosphere 
in a reverberatory or rotating furnace. The roasted mass is then mixed 
with water, when the ferric oxide remains behind and sodium chromate 
passes into solution. The reactions which take place are probably: 

Fe(CrO.,)o + Na 2 C0 3 = FeO + 2NaCr0 2 4- C0 2 
4 NaCrO.» + 2XaX0 3 -f 30 2 = 4Na 2 Cr0 4 + 2C0 2 
4FeO + 0 2 = 2Fe 2 0 3 . 

or, combined into a single equation: 

4Fc(Cr0 2 ) 2 -f 8Na 2 C0 3 4- 70 2 = 8Na 2 Cr0 4 4- 2Fe 2 0 3 4- 8C0 2 . 

The presence ot quicklime serves to keep the mass porous and so 
assist the access of air. 

Sodium chromate, Na 2 Cr0 4 .10H 2 0, closely resembles the potassium 
salt, and is made by using sodium carbonate instead of potassium 
carbonate in the above process. It is deliquescent. 

The sodium chromate is extracted with water and concent rated 
sulphuric acid is added to the solution to convert it into sodium 
dichromate: 

2XaXr0 4 4- H 2 SO, = Na,Cr.,0 ? 4- Na 2 S0 4 4- H 2 0. • 

Sodium sulphate crystallizes out (with 10H 2 O) and the clear solution 
is decanted oil, and evaporated in iron pans. \\ hen it has attained 
a specific gravity of 1-7. it is filtered from the further crop of sodium 
sulphate which has separated, and then allowed to cool. Crystals of 
sodium dichromate, XaXT 2 0 7 .2H 2 0, separate on standing. This salt 
is made on a large scale and is preferred to the potassium compound for 
many purposes, both on account of its cheapness and greater solubility 
(100 grams of water dissolve 109 grams of the salt at 15°), but it has 
the drawback of being deliquescent. Its chemical properties closely 
resemble those of potassium dichromate. 

Potassium dichromate, K 2 CTX> 7 , is made by mixing hot concentrated 
solutions of sodium dichromate and potassium chloride. Sodium 
chloride is precipitated and removed and then, on cooling, potassium 
dichromate separates out: 

Xa 2 Cr,0 7 4- 2KCI = K 2 (TX> 7 4- 2NaCl. 

Potassium dichromate forms large red triclinic crystals, which melt at 
39S°. It is moderately soluble in cold water (100 grams of water 
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dissolve 10 grams of the salt at 15°) and easily soluble in hot water 
(100 grams of water dissolve about 100 grams at 100°). It is thus 
readily purified by recrystallization from water. 

Potassium dichromate is an important oxidizing agent, and is 
solutions are used for this purpose in volumetric analysis. In acid 
solution, one molecule of potassium dichromate will furnish three 
atoms (i.e., six equivalents) of available oxygen, as indicated in the 
equation: 

K 2 Cr 2 0 7 + 4H 2 S0 4 = K 2 S0 4 + Cr,(S0 4 ) 3 + 4H..0 + 30. 

It will thus oxidize six atoms (or six equivalents) of ferrous iron. 


K 2 Cr 2 0 7 + 7H 2 S0 4 + 6FeS0 4 

= 3Pco(S 0 4 ) 3 + Cr 2 (SO,) 3 + K^0 4 + /H.,0. 


or three molecules (six equivalents) of sulphur dioxide: 

K 2 Cr 2 0 7 + H 2 S0 4 + 3S0 2 = Cr 2 (S0 4 ) 3 -b K 2 S0 4 + H.,0. 
Potassium dichromate will also oxidize the halogen acids to the free 
halogens, and is used as an oxidizing agent in organic chemistry. 

Sodium chromate, Na 2 Cr0 4 .10H 2 O. can be crystallized out of the 
solution obtained by extracting the product of heating chromi e aiu 
soda ash. It forms large transparent yellow crystals and ciobe \ 
resembles the potassium salt except that it is deli<|uescent. 

Potassium chromate, K 2 Cr0 4 . can be made from chromite in the 
same way as sodium chromate; or by the addition of po 
hydroxide solution to a solution of potassium die Inornate. 


K 2 Cr 2 0 7 + 2KOH = 2K 2 Cr0 4 -b U 2 0. 

It forms lemon-yellow crystals which are isomorphmib with t| u>s » e ° 
potassium sulphate. It is very soluble in water (100 giam> o ua \ 
dissolve 60 grams at 10°) and is stable in t he absence of reducing ag» n >, 
which convert it into chromic hydroxide or oxide. Ack^ coiner 
chromates into dichromates; a change which is atcoinpanicc * 
change in colour of the solution from yellow to orange. I,s c ian k c b 
reversible in the sense that alkalis convert dichromatic into <. innn.i 


Ammonium dichromate, (NH 4 ) 2 Cr 2 0 7 , is formed "hen a 
solutions of ammonia and chromic acid are mixed, hen n **o 
heated, nitrogen, water, and a voluminous mass of chromic oxiui 
(resembling green tea) are obtained: 

(NH 4 ) 2 Cr 2 0 7 = Cr 2 0 3 -b 4H 2 0 b N* t • 


Chromyl Chloride, Cr0 2 Cl 2 

When potassium dichromate, a soluble chloride ami 
acid are heated in a retort, chromyl chloride, an acid chi an » ana <>*o 
to sulphuryl chloride, distils over. I he most satisfactoiy nu |c> 
preparation is that due to H. D. Law and l. Moll wo I erkin. hro mwm 
trioxide is dissolved in rather more than the cqmvalcii quan \ 
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concentrated hydrochloric acid, and concentrated sulphuric acid is 
added in small quantities, the mixture being cooled after each addition. 
After standing, the lower layer of chromyl chloride is run off by means 
of a tap funnel. Chromyl chloride is a deep-red liquid which boils at 
116-7°, and which is hydrolysed by water into hydrochloric and, 
probably, dichromic acids: 

2Cr0 2 Cl 2 + 3H 2 0 = H 2 Cr 2 0 7 + 4HC1. 

These reactions are used as a test for chlorides since neither bromides 
nor iodides form similar compounds. Consequently, if a mixture 
suspected of containing a chloride be distilled with sulphuric acid and 
potassium dichromate, and a deep-red distillate results which with 
water gives a solution which, after neutralization, responds to the tests 
for chromates, the presence of chlorides may be inferred. 

W hen a concentrated solution of potassium dichromate in hydro¬ 
chloric acid is allowed to crystallize, yellowish-red crystals of potassium 
chlorochromate (KCr0 3 Cl or K0.Cr0 2 Cl) are formed. I his is derived 
from the unknown chlorochrotnic acid, which is constituted analogously 
to chiorosulphonic acid. It decomposes on heating into potassium 
dichromate, chromic oxide, chlorine and oxygen: 

4KCr0 3 Cl = K 2 Cr 2 0 7 + Cr 2 0 3 + 2KC1 + Cl 2 + 0 2 . 


§ 5 Chromous Salts 

Chromium forms two series ol salts in which the element behaves as a basic 
metal, derived respectively from chromous and chromic oxides. 

The chromous salts are blue in colour, or give blue solutions, and are powerful 
reducing agents. They are rapidly oxidized on exposure to the air. forming 
chromic salts. 

Chromous chloride, CrCl,. is made by heating chromic chloride in a current 
of hydrogen. As thus prepared, it is a white, crystalline compound. It dissolves 
in water, forming a blue solution; in solution, chromous chloride can also be 
made by reducing chromic chloride by means of zinc and hydrochloric acid. 

Blue needles of CrCl s .4H 2 0 are precipitated when chromous acetate is dis¬ 
solved in concentrated hydrochloric acid, in an atmosphere of hydrogen, and the 
solution cooled in ice while a current of hydrogen chloride is passed in. 

Chromous sulphate, CrS0 4 .7H a O, is obtained in blue crystals, isomorphous 
with ferrous sulphate, by dissolving chromium, or chromous acetate in dilute 
sulphuric acid and cooling the solution 

Chromous acetate, Cr(C 5 H 3 O t ) t , can be obtained by adding a strong solution 
of chromous chloride (made as above by reduction of chromic chloride with zinc 
and hydrochloric acid) to a saturated solution of sodium acetate. It is then 
precipitated in red crystals which can be filtered off and dried in vacuo. It is 
fairly stable, and may be used for the preparation of other chromous salts. 


§ 0 Chromic Salts 

The chromic salts are derived from chromic oxide (or h\<droxide) 
and while in some respects they exhibit the properties to be expected 
of the salts of a trivalent radical, and thus resemble the corresponding 
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derivatives of aluminium and iron, they show also some marked 

peculiarities. . 

Thus, most of them exist in at least two forms, a violet form and a 
green form; and some are found in three varieties. Further, in the 
green forms they are found to be only partly ionized, and some are 

known which are not ionized at all. 

The explanation of these facts has been suggested by >' erner to be 
similar to that put forward by him to account for the existence and 
properties of the remarkable complex compounds which chromium, 
platinum and other transitional metals form with ammonia, cyanides, 
etc. These, and Werner’s theory of their constitution, are discussed m 
Chapter 35 (page 885). 

Chromic Chloride, CrCl 3 

The anhydrous salt is made by passing chlorine over either chromium 
metal, or a mixture of chromic oxide and carbon heated to redness, 

Cr,0 3 + 3C + 3Cl a = 2CrCl 3 + 3CO. 

It is also obtained by the action of sulphur chloride vapour on chromic 
oxide: 

6S 3 C1 3 + 2Cr 2 0 3 = 4CrCI 3 + 3SO., + !»S>. 

It is a pinkish-violet solid, which is virtually insoluble in water, unless 
a mere trace of a chromous salt be present, when it dissolves cam y. 

Three crystalline hydrates are known, all having the empiric a 
composition CrCl 3 .GH 2 0. Two of these are green and are known as 
the a- and y-salts, and one is violet (the fi-salt) 

The violet p-salt is made by passing hydrogen chloride into a s.» or¬ 
ated solution of the oxide in' hydrochloric acid at a low temperature 
(under 10°); at a higher temperature the violet elution been,us 
green, and when saturated with hydrogen chloride deposits 
rhombic crystals of the a-salt. The other green salt -the Y' s, ‘ * 

obtained by treating the mother liquor from the violet »r\> •» " Wl 1 
ether, saturated with hydrogen chloride. I hese three salts aie i* 
able in that when freshly prepared solutions are treated with -a v * 
nitrate, with the a-salt one-third of the total chlorine present is»|»*» e Mu¬ 
tated as silver chloride; with the y-salt two-thirds. and with tin violet 
P-salt the whole is precipitated Werner symbolizes these iesu s i 
the formulae: 

Green a-salt [Cr(H 2 0) 4 CI>K I.JH 2 0, 

Green y-salt (Cr(H 2 0) 6 C 1 t U. H 2 0, 

Violet p-salt (Cr(H ,O) 0 ]CI 3 . 

In these formulae, the atoms or molecules inside the square brack* »> 
are believed to be attached to the chromium atom by covalent or 
co-ordinate links and arc therefore non-ionizablc, w hile those ou < 
the brackets are attached by clectrovalent and hence loni/a > e \ a i n< u s 

(Cf. pages 147 and 885 ) 
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The violet p-salt is practically insoluble in water unless a trace of 
chromous chloride be present. 

Chromic sulphide, Cr 2 S 3 , is not obtained when hydrogen sulphide 
is passed into a solution of a chromic salt, as it is completely hydrolysed 
and the hydroxide is precipitated. It is made by heating chromic 
oxide to redness in a stream of hydrogen sulphide. It is a brownish- 
black amorphous powder. 

Chromic Sulphate, Cr 2 (S0 4 ) 3 

The anhydrous salt is obtained in bluish-red crystals by dehydration 
of a hydrate in air at 400 c or in a stream of carbon dioxide at about 
300°. It is insoluble in water and acids. 

Chromic sulphate forms a variety ol hydrates containing varying 
amounts of water; both green and violet forms are known; and the 
different varieties have varying proportions of their sulphate radicals 
precipitated by barium chloride. 

A violet sulphate, which behaves normally with barium chloride, is 
obtained by dissolving chromic hydroxide in the calculated quantity 
of warm sulphuric acid and allowing the green solution which results 
to stand for a week. It then becomes bluish-violet in colour and 
deposits violet crystals, said to have the composition Cr 2 (S0 4 ) 3 .18H 2 0. 

Alternatively, a green hexahydrate, sometimes known as Recoura’s 
sulphate, which is obtained by saturating chromic acid solution at 
-4° with sulphur dioxide, gives, when freshly prepared, a solution 
which forms no precipitate with barium chloride. Another green 
hydrate, containing ten molecules of water, obtained when the green 
solution formed by reducing chromic acid with sulphur dioxide at 0° 
and evaporating in vacuo, has one-third of its “ sulphate ” precipitated 
by barium chloride A green hydrate is known from which barium 
chloride precipitates two-thirds of the “ sulphate." According to 
Werner’s theory these sulphates are formulated: 


Violet sulphate Cr 2 (H 2 0) 12 1 (S0 4 ) 3 .6H 2 0. 


r 

Recoura’s sulphate Cr 2 



G reen decahydrate r J SO t . 2 H 2 0. 


Green hydrate 



Chrome Alum, Potassium Chromium Alum, K,S0 l .Cr 2 (S0 4 ) s .24H 2 0 
Chrome alum is readily prepared by reducing potassium dichromate 
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solution, acidified with sulphuric acid, by means of sulphur dioxide and 
similar reducing agents: 

K.Cr.O, + H,SO, + 3SO, = K,SO, + Cr 2 (S0 4 ) 3 + H..O. 

' “ 

It is obtained commercially as a by-product ... the course of. the 
manufacture of alizarin, for which anthracene is oxidized 
nuinone bv ootassium dichromate and sulphuric acid. 

ThromeTm crystallizes in deep violet 

the other alums It is fairly soluble m water (100 grams ol uaier 
dissolve 24-4 grams of chrome alum at 25 ) and forms a v io c so • 
If this solution be heated above 00“ it turns green, and can then only 
be made to crystallize with difficulty on standing fo- a Ion,^ me. 

Chrome alum is used as a mordant in dyeing, and for ‘“8 f 
The corresponding sodium and ammonium chromium alums are 

also known and used 

With acids these salts evolve oxygen and form blue compounc 

§7 Detection and Determination of Chromium 

The presence of chromium is conveniently detected by fusing the 
compound suspected of containing it with sodium 
little nitre, when a yellow mass of sodium chromate ^'. s .f d rom.um 
be present. This may be confirmed by dissolving the mass'.. water 
acidifying with acetic acid and adding barium chloride, when a bright 
yellow precipitate of barium chromate is thrown down. . 

y Chromates are also detected by the formation of a deep blue colour 
when hydrogen peroxide is added to a solution acuhlu d iyth sidphunc 
acid. (Cf. pages 298 and 324.) The substance causing this blue colon 
(probably CrOJ dissolves in ether in which it is more stable In 

* n Chromium in the lorm of chromate oi dichromatc is detennincd 
volumetrically by titrating a standard ferrous 
Formerly potassium ferricyanidc was used as external ... hcator but 
internal indicators such as N-phenyl anthran.l.c act 1 o tr.-ortho 
phcnanthroline ferrous sulphate (Jerroin) are now o en s . f • 
lively, a known quantity of chromate or dichromate solution i* added 
to excess of acidified potassium iodide solution. u J.* \ * 
is then titrated with standard sodium thiosulphate solution. 

K,Cr,0, + OKI + 7HjSO, = Cr^SO,), + 31, + 7 H jO + 

If the chromium to be determined be present as a c h *®"‘‘ c sal * 
may be treated as above, after oxidation by hydrogen \ 
sodium hydroxide; excess peroxide being removed by «n mg:• 
Chromium is determined gravimetrically by prenpita i<> , s 
hydroxide by adding ammonium chloride and ammonia to the soluti 


t 
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of a chromic salt. The hydroxide is filtered off and ignited to the 
oxide which is weighed. Chromates and dichromates must first be 
reduced to the chromic state, e.g., with sulphur dioxide. 


§ 8 Molybdenum, Mo 

History and Occurrence 

The term ( molybdos ) was applied by the Greeks to galena 

and other lead ores. Up to the middle of the eighteenth century, the 
mineral molybdite or molybdenite was supposed to be identical with 
graphite, then known as “ plumbago ” or “ black lead." In 1778 
K. \V. Scheelc, in his Treatise on Molybdena, showed that, unlike 
plumbago or graphite, molybdenite forms a " peculiar white earth " 
when treated with nitric acid. This he proved to have acid properties, 
and he called it " acidum molybdenae." that is, molybdic acid; and 
he correctly considered the mineral molybdenite to be a molybdenum 
sulphide. In 1790 I\ J. Hjelm isolated the element as a metallic 
powder by heating molybdic acid with charcoal. 

The principal ore of molybdenum is molybdenite, MoS 2 ; it occurs 
also as a ulfenitc, PbMoO,, and molybdite, Mo0 3 . 

Extraction 

The molybdenite is first concentrated mechanically and the concen¬ 
trate is roasted, whereby it is converted into molybdenum trioxide, 
Mo 0 3 . From this the metal can be obtained by the aluminothermic 
process, as in the ca>.? of chromium (q.v.). 

Properties 

Molybdenum is a fairly hard white metal, which remains unchanged 
on exposure to air at ordinary temperatures, but is slowly oxidized at 
a red heat to the trioxide. It has a high melting point, 2620°, and its 
specific gravity is 10-2. It is only slowly attacked by acids; but 
hydrochloric acid, nitric acid and hot concentrated sulphuric acid wall 
react with it. 

Uses 

Molybdenum is now used industrially to a large extent; in particular, 
foi the manufacture of alloy steels. For this purpose, a ferro-molyb- 
denum alloy is made by reducing molybdenite with iron and carbon 
in an electric furnace; or by reducing a mixture of molybdenum and 
iron oxides aluminothennically. 

Nickel-molybdenum steel is used for making gun barrels, propeller 
shafts, etc., and chromium-molybdenum steel tubes have been used 
in aircraft construction since they can be welded with but little loss of 
strength. The most important use of molybdenum is in the making 
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of high-speed tool steels. These steels, unlike ordinary carbon steels, 
have the peculiar property of retaining their hardness when heated to 
a high degree, so that it is possible to make heavy cuts at high speed, 
for the steel can be heated to dull redness without impairing its quality. 
Some of the molybdenum and tungsten steels resist the action of acids 
unusually well, so that these acid-proof steels are useful in many chemical 
industries. Thus, an alloy containing about 60 per cent, of chromium, 
35 per cent, of iron, and 2-3 per cent, of molybdenum is scarcely 
affected by dilute hydrochloric, nitric, or sulphuric acid, or by boiling 
aqua regia. 

Molybdenum is used for the filament supports of electric lamps, and 
molybdenum compounds can also be used as a blue pigment in porcelain 
painting; in silk and woollen dyeing; and in colouring leather and 
rubber—it has been, indeed, proposed for dyeing fabrics as a substitute 
for indigo. Ammonium molybdate is largely used in the determination 
of phosphorus in iron and steel laboratories. 

Molybdenum forms five oxides, viz.: 

Molybdenum sesquioxide, Mo a O,, 

Molybdenum dioxide. MoO, 

Blue molybdenum oxide. Mo,O g . 

Molybdenum pentoxide, Mo t 0 6 , 

Molybdenum trioxide. MoO, 

Of these the blue oxide and the trioxide are the most interesting The former 
is made by allowing powdered molybdenum to remain foi a long time in contact 
with a suspension of the trioxide in water at the ordinary temperature It is a 
dark blue substance which forms a blue colloidal solution It is used as a pigment 
for rubber, etc 

Molybdenum trioxidc, MoO,. is made by roasting molybdenite It can lx 
purified by acting upon it with ammonia, which forms a solution ol ammonium 
molybdate, from which copper, if present, is removed by means ol ammonium 
sulphide. The molybdate is then ignited and molybdenum trioxide remain" 

It is a white solid which is sparingly soluble in water forming an at id solution. 
With alkalis it forms molybdates, but is much less acidic m nature than the 
corresponding chromium trioxidc, and exhibits an even more marked tendency 
to form complex or condensed acids. 

Molybdic acid, H,MoO«, can be prepared from ammonium molybdate, the 
commonest salt of this acid, by the action of nitric acid It forms yellow crust* 
which give colloidal solutions with water. 
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Salts of Molybdenum 

No salts ol molybdenum are known in which the clement is definitely present 
as a basic radical! Chlorides ol the following formulae are known, viz.. MoCl,. 
MoCI 3 . MoC 1 4 . MoCl 5 and MoCl«. but they are not true salts; they cither form 
complexes or arc volatile, covalent compounds. 


§ 9 Tungsten, W 

History 

Tungsten is now an element of great commercial and industrial 
importance, but until relatively recently it was thought of as rare and 
unimportant. 

L'p to the middle of the eighteenth century, the minerals scheelite— 
formerly called " tungsten " (heavy stone)—and wolframite were 
supposed to be ores of tin, but, in 1781, K. \V. Scheele demonstrated 
that scheelite contains a peculiar acid, which he called tungstic acid, 
united with lime as a base. The same year, T. Bergmann recognized 
tungstic acid as an oxide of a new element, tungsten, which was 
isolated by J. J. y Don Fausto d’Elhuyar in 1783. 


Occurrence 

The chief tungsten minerals are wolframite, which is a mixture of 
iron and manganese tungstates, (Fe,Mn)\V0 4 ; and scheelite, calcium 
tungstate, Ca\V0 4 . Other minerals containing tungsten are stolzite, 
PlAYO,. cuf>roscheelitc Cu\V0 4 , and tungstenite, \VS 2 . 

Extraction 

Wolframite is the principal source of commercial tungsten. It is a 
markedly magnetic material, and this property is made use of in a 
magnetic separator for concentrating the ore. Several methods are in 
use for obtaining the metal. In one process, the ore is extracted with 
hydrochloric acid, when a precipitate of tungsten trioxide remains. 
This is dissolved in ammonia and the tungstate so formed is crystallized 
and ignited. The trioxide is then reduced by means of hydrogen, or 
calcium, or by electrolysis in a fused mixture of tungstates. Alterna¬ 
tively, carbon is used as reducing agent when a very pure product is 
not required For example, in making ferro-tungsten, for steel manu¬ 
facture. wolframite is reduced directly in an electric furnace. Another 
method of obtaining the trioxide from the ore is bv heating it with 
sodium carbonate and extracting the sodium tungstate formed with 
watet : after which calcium tungstate is precipitated by addition of 
calcium chloride, and decomposed by acidification. A third method 
consists in mixing the ore with carbon and heating the mixture in a 
stream of chlorine. Tungsten oxychloride, mixed with chlorides of 
iron and manganese, is formed; on addition of water tungsten trioxide 
results. 
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Properties t .... u 

Tungsten is a hard silvery-white metal. It has thc highest mel mg 
point (about 3370°) of any metal, and its specific gravity (19 3) s > 
exceeded by rhenium, iridium, osmium and platinum and equals that 

° f Tungsten is too refractory to be melted and cast like other metals 
and ^preparation in ductile forms (as wire and rod) is one of the great 
achievements of modern metallurgy, lhe pure powder, obtained! > 
SSSftS trioxide with hydrogen at 1200 . is compiled ntoa 
rod and sintered in an atmosphere of hydrogen, at 2 j 00 . A ver> 

* «h»Ad *+** 

• b ‘" re “" nihip 

is less close than between niobium and tantalum. 


The principal uses of tungsten arc for makin* spec . • stw , 

filaments of electric lamps Steel containing 14 li per un‘ _ 
and 3-5 per cent, of chromium constitutes a li'hM 
it retains its hardness even at high temi»rature* I 
some very hard alloys such as henna nit ta (a ungs c 4 , (tungsten 

sUUiU & alloy with chromium and coba t , and 

carbide with 10 per cent of cobalt). Oth . . , i r as a 

in X-rav tubes and as a sinter with copper and n.ckil powder 


Thus, 
ilso as a 


protection from X-rays and Y* ra V s - , 4 , nt%f> ii r . 1 tinn* 

Some compounds of tungsten also have tcchinca l apphc. ti< 

sodium tungstate is used for " fireproofing fabnc*. andI » f<|f 
mordant in dyeing. Lead tungstate has )(«n . * ‘ 

white lead, and the trioxide is used as a yellow pigment. 


WO, 

oxide, 
trioxide, 

iViVoxidc 

Tungstic acid, H t WO,. is obtained '°Prom a'cold solution 

sodium tungstate, arc acidified wi1■ »»> »r ||,WO,. 11,0 it is slights 

a lungshc aetti is precipitated and has. the lor » * * Vs/|r N.WO, 

soluble in water; but hot solutions. lts ability to lorin derva 

Tungstic acid resembles molyI hIic acid, par ^ tungstate has the formula 
lives of condensed and complex acids, i bus sodiun tung « vanadates form 
Na lt W 4l 0 4l .28H,0 Phosphates, arsenates, silicates ami 
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complex acids and salts with tungstic, as with molybdic acid. Phosphotungstic 
acid and silicotungstic acid are used in organic chemistry for the detection and 


determination of alkaloids. .... ^ . . . 

Tungsten does not appear to form any true salts in which the tungsten is basic. 
It forms a number of halides such as WF«. WC1 4 , WC1, and WC1 6 , but these 
appear to be covalent compounds. 


§ 10 Uranium, U 

History 

The mineral pitchblende was formerly supposed to be an ore of zinc, iron, or 
tungsten, but M H. Klaproth (1789) proved that it contained what he styled a 
“ half-metallic substance " different from the three elements just named. This 
clement was named *' uranium ** in honour of Hcrschel s discovery of the planet 
Uranus in 1781 E. M. Wligot proved that Klaproth’s element was really an 
oxide of uranium, and he isolated the metal itself in 1842. 

Occurrence 

Uranium occurs as pitchblende or uraninite , U,0,. as carnotite, KUO,(VOJ . 3H,0. 
and in several other minerals. All uranium minerals are now important as a 
source of radium and of the uranium isotopes which undergo atomic fission (see 
below) and which arc used for the release of atomic energy'. (See Chapter 36.) 

Extraction 

The element is best obtained from the oxide aluminothermically (Cl. chromium). 
It can also be obtained by reduction of the oxide with hydrogen, carbon or calcium 
hydride, or by electrolysis of a fused mixture of calcium and potassium chlorides 
with the complex lluoride KUF, This is heated to 775° in a graphite crucible 
which serves as the anode; a molybdenum cathode is used. 

Properties 

Uranium is a white metal in bulk, but as obtained by reduction it is a black 
powder. Its melting point is about I850 3 and its specific gravity is 18*7. It is 
a somewhat reactive metal, being considerably more readily oxidized and attacked 
bv acids than are molybdenum or tungsten. Many' of the most interesting 
properties of uranium .ire connected with its radio-activity. These are discussed 
in Chapter 36. 

Uses 

Uranium compounds particularly the yellow trioxide and sodium di-uranate, 
are used as colours in glass and pottery manufacture. Uranyl nitrate, and 
acetate, are used lor the determination of phosphates, and zinc and magnesium 
uranvl acetates are reagents for the detection of sodium. 

Investigations into the release of atomic energy, culminating in the atomic bomb, 
have so far centred on uranium and involved the production of some of its com¬ 
pounds on a large scale. The subject is discussed in Chapter 36. 

Uranium lorms a number oi oxides, viz., UO,. U,0 & . U,O a and UO s , and pos¬ 
sibly UO, also 

Uranous oxide, UO,. is made by reducing urano-uranic oxide with hydrogen, 
and was at one time mistaken for the element. (Cf. vanadous oxide, page 795.) 

Urano-uranic oxide. U,0 8 . occurs as pitchblende and is made by heating the 
other oxides in oxygen or by heating urany'l acetate. It is a green powder. 

Uranium trioxidc, UO,. is a yellow solid made by heating uranyl nitrate in 

oxygen: 

2UO,(NO,), = 2UO, + 4NO, + O t . 

It is an amphoteric ox*de lorming uranates with alkalis, and uranyl salts with 

acids . 

The uranaies resemble the chromates; salts derived from condensed uranic 
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acids are known, analogous to the polychromates. Sodium di-uranate. 
Na,U t 0 7 .6H.0 (also known as uranium yellow), is analogous to sodium dichroma . 
It is made by adding sodium hydroxide to uranium nitrate solution. 

2UO,(NO t ) t + ONaOH = Na,U,0, + 4NaNO, + 3H,0. 

Salts of Uranium 

Uranium forms two senes ot salts, the uranous salts derived irom uranous 
oxide, and the uranic or uranyl salts in which the group 1 \ rcx M y 

basic radical. The uranous salts are powerful reducing * • 

oxidized to uranyl derivatives The uranyl salts are charac « 
fluorescence in solution. 

Uranous chloride, UC!„ is obtained as a dark Breen solid when chlorine s 
passed over heated uranium 

Uranyl nitrate, UO t (NO,l t «H t O. commercially known as uranium “JJ'^e 
is made by acting upon any ol the oxides ol uranium with nitric ac»d It is a 
greenish-yellow crystalline solid and is the most 11 nportant >ir.imum i 1 
It is readily soluble in water (100 grams of water <hssohc- .U«» ^ranu . 

at 18°) and its solutions are used for the volumetric esti i . !,li,»J>hite 

acid, since it forms a yellow precipitate of uranyl ammonium I» » J^'; 1 ; 
U0,(NH 4 )P0 4 . when added to solutions of soluble ph«»>phates - ' 

ferrocyanide is used as external indicator; it Rive* a brow 
excess of uranyl nitrate is present 

Uranyl acetate. UO t (CH,COO) t .*H t O. is sometimes used 1 

nitrate as a reagent lor phosphates. It is also used lor <- 1 I ^ tn 
sodium as its double salt with zinc or magnesium aceta e ’ * .... „ a | t 

by dissolving uranium trioxide in acetic acul_ It is a >e « ' 

soluble in water (100 grams of water dissolve 7-< grams «» u s.» . 

§ 11 The Relationships of the Group VI Elements 

The elements ot Group VI fall into two well-dclimcl sections; 
oxygen, sulphur, selenium, tellurium arid polonium coinpiisiiv Mlu • 
and the transition elements, chromium, molybdenum, tungs cti am 
uranium, the other. As would be expected of a group near •* *• 

outside of the table, there are marked differences between the two 
sub-groups, and the resemblances are not very piommiKei . 
among themselves the elements of each section show test m > am 
relationships such as would be anticipated. . 

All the members of the group, except oxygen, lorm tnoxido w. 
marked acidic properties, and these trioxides give t' s, ‘ ° M " 
isomorphous salts of the type MJtOj (where M is a nioiioxa <n • 
and R is an clement of Group VI). I he trioxides show a gn < n< ' ' 

to form condensed and complex derivatives such as the c I* 1,1 V* 
polychromates, etc., a tendency particularly noticeable in »•* • 1 ■ 

group. Compounds of the type RO./ l* are also formed >> •' 11 j* 

elements, and mostly behave as non-mctallic chlorides, hong 
hydrolysed by water. With increasing atomic weight, howes.t jm 
stability increases, and basic character begins to show itselt. 1 •' 

in the case of uranium the basic radical UO s gives rise to u mo> 
characteristic and stable of the uranium salts. . 

Most of the elements in Group VI form dioxides, but w Kr«..»> lo^e 
of sulphur and tellurium are feebly acidic, the others aie mmc ' 
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elements of the group exhibit variable valency. Oxygen is bivalent 
as a rule, but occasionally quadrivalent; sulphur selenium and 
tellurium exhibit valencies of two, four and six. The A sub-group 
elements show very variable valencies, but all have a valency of si 

in their most characteristic oxygen compounds 

As mentioned already, in spite of these similarities, the group fate 
into two very clearly defined sections; one predominantly metallic in 

character, the other mainly non-metallic. . . 

The members of the A sub-group, comprising chromium, molyb¬ 
denum, tungsten and uranium, are all characteristic metals with high 
melting points (tungsten has the highest melting point of any metal), 
and the elements are only extracted from their compounds with 
difficulty. The gradation in their physical properties with atomic 
weight is indicated by Table LXII. 


— --- 

Chromium 

Molybdenum 

Tungsten 

Uranium 

Atomic weight 
Specific gravity 
Atomic volume 
Melting point 

5201 

71 

7-7 

1830° 

95-95 

10-2 

10-2 

2620° 

183-92 

19-3 

9-6 

3370° 

238-07 

18-7 

12*7 
c. 1850° 


These metals all combine directly with oxygen, sulphur and nitrogen, 
and their tendency to form complex acids, which reaches a climax in 

tungsten, is particularly noteworthy. 

The probable electronic configurations of these elements are gj ve nm 
Table LX IV. Consideration of this table, along with Table X I 
(page 142). shows that the metals of this group are transition elements 
i.c., they occur in that portion of the table where the penultuna e 
electron shell is expanding. Consequently, we should expect to nna 
considerable resemblances between these elements and their honzonta 
neighbours, e.g., between vanadium, chromium and manganese; and 
also the development of variable valency and the formation of coloured 
compounds. All those expectations are, in fact, realized. 

The table shows that in each case the last two electron shells have 
respectively 13 and 1. or 12 and 2 electrons. The 13-group is made up ot 
a complete quantum group of 8 electrons and an incomplete one of o 
electrons. The 12-group (in tungsten) is similarly composed of a complete 
group of 8, and an incomplete one of 4 electrons. These latter, and 
the outermost electrons, can be detached for compound formation, 
hence the formation of compounds with valencies of 2, 3 and 6. 

Turning now to the other section of this group, oxygen, sulphur, 
selenium, tellurium and polonium are mainly non-metallic in character, 
although the last three show some signs of metalloid characteristics. 
All are easily vaporized, have low melting points and can be extracted 
from their compounds with comparatively little difficulty. Some of 
the principal properties arc summarized in Table LXIII. 
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Table LXIII.—Properties of the Oxygen-Sulphur Family 



Oxygen 

Sulphur 

Selenium 

Tellurium 

Atomic weight 

Melting point 

Boiling point 

Specific gravity (solid) . 
Atomic volume (approx.) 
Colour of solid 

Heat of union with 
hydrogen (cals.) 

State of aggregation of 
hydride . 

10 

- 252*5® 

- 183 c 
1*420 

11 

Pale blue 

69*0 

Liquid 

32*060 
114°-115° 
444 0® 
1*90-2*07 

10 

Yellow 

4*8 

Gas 

78*90 

220® 

688 e 

4*28-4*80 

18 

Reddish-brown 

-25*1 

Gas 

127*61 

452® 

1390® 

5*93-0*4 

21 

Black 

-34*9 

Gas 


These elements all form hydrogen compounds of the same type (the 
A sub-group metals do not form hydrides), but whereas the hydrogen 
compounds of sulphur, selenium and tellurium are foetid-smelling g.e.e> 
at ordinary temperatures, water is a colourless, odourless luiuicl ine 
acidic character of these hydrides increases with increasing atomic 

weight, and their stability decreases. 

All four elements (the properties o! polonium have scarcity been 
examined apart from its radio-activity) exhibit allotropy. fj Ul ns< * 
characteristic dioxides and (except oxygen) form salts o k >1 
M t RO., as well as the salts. M 2 R0 4 . characteristic o the group as a 
whole. In this section, the acid H 2 R0 4 becomes much a 

more unstable as the atomic weight of R increases. lhu> te uru ac u 
is a very feeble acid, and decomposes on warming (page 8 Ml. 

The probable electronic configurations of these elements arc g ,Ntn 
in Table LXV. 


Table LX1V 


Electrons in Orbits 


Element 

1 s 

2s 2 p 

3s 3/> 

3r/ 

4s 


4 d 

4/ ) 

bs 5/> 

.Hi 

tjy G/» 0«/ 

7* 

Chrom urn 

2 

2 

0 

2 

0 

6 

1 








Molybdenum 

2 

2 

0 

2 

0 

10 

2 

0 

5 


l 




Tungsten 

2 

2 

0 

2 

0 

10 

2 

0 

10 

14 

2 6 

4 



Uranium . 

2 

2 

0 

2 

0 

10 

2 

0 

10 

14 

2 0 

10 

1 _ 



Table LXV 


Element 


Electrons in 

Orbits 


Is 

2s 2 p 

3s lif> 3</ 

4s 4f> 4 d 

5 .s 5 p 

Oxygen 

2 ^ 

2 4 




Sulphur 

2 

2 0 

2 4 



Selenium 

2 

2 0 

2 0 10 

2 4 


Tellurium 

2 

2 0 

2 0 10 

2 0 10 

2 4 


CHAPTER 34 

MANGANESE MASURIUM AND RHENIUM 


§ 1 Group VII of the Periodic Table 

Groi’p VII comprises the extremely electronegative halogens, together 
with, as A sub-group, manganese, and the two recently discovered 
elements, masurium and rhenium. The resemblance between these 
two sub-groups is very slight (see § 8). 

§ 2 Manganese, Mn 

History 

Manganese appears to have been used by the ancient Egyptians 
and Romans for bleaching glass, for their glass often contains the 
equivalent of up to 2 per cent, manganese oxide. Pliny mentions its 
use for this purpose under the name “ magnes he considered it to 
be a variety of loadstone, i.e., a variety of magnetic iron ore. For 
reasons stated in connection with magnesium, the term " magnesia " 
in old books may refer to manganese oxide. B. Valentine, and 
chemists generally towards the end of the eighteenth century, believed 
wad to be an ore of iron. J. H. Pott (1740) proved that pyrolusite 
proper does not contain iron, and furnishes a number of salts quite 
different from those obtained with the iron oxides. C. W. Scheele 
(1774) made an important investigation on manganese, and T. Bergman 
(1774) suspected that some metal lay concealed in the mineral earth 
which he reduced with charcoal, so obtaining a metal regulus. A purer 
sample was isolated by J. F. John in 1807. 

Occurrence 

The metal manganese does not occur free in nature. Much of the 
manganese ore comes from Russia, and the highest grade picked 
pyrolusite contains 50 per cent, of manganese. Some ore comes from 
several other countries. The chief minerals are the oxides pyrolusite, 
Mn0 2 ; braunitc, Mn.,0 3 ; hausmannite, Mn 3 0 4 ; manganite , Mn 2 0 3 . H a O. 
The carbonate. MnC0 3 , dialogite or rhodochrosite, is often associated 
with siderite (FeC0 3 ); manganese also less frequently occurs as 
sulphide, manganese blende, MnS; and silicate, rhodonite, MnSiO s . 
Franklinite usually contains manganese as well as iron, and, after the 
zinc has been extracted, is used in making spiegeleisen. Wad is an 
impure mixture of manganese oxides often found in damp, low’-lying 
places. Wad is supposed to be a decomposition product of the manga¬ 
nese minerals. Minute quantities of manganese occur in w'ater, plants, 
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and animals; and traces also appear to be the colouring agent of many 
amethyst-coloured minerals. 

Extraction 

Manganese is largely used in the form of spiegcleisen and ferro- 
manganese (see below), and this is made by reducing a mixture of 
oxides of manganese and iron with carbon in a blast furnace. 

Manganese itself can bo obtained by reduction of any of its oxide 
with carbon, but an inconveniently high temperature i' r^iuircd and 

the metal is heavily contaminated with carbon It ,susl “'‘>'.cl^bed 
by the aluminothermic process, in a similar manner to th. < ' 
for chromium (page *04). For this purpose manganese 
first converted into manganosic oxide. Mn,0,. b\ heating it 1 * 

since the leartion between aluminium and the dioxide ■s'ooviolent 
for safety and cannot be directly controlled Manganese is now l ung 
produced on a fairly large scale by the electrolysis of manganous 

SU The purest*'metal is made by distilling a sample obtained by the 
aluminothermic or electrolytic methods. 


i pure, is silvery white but. as usually prepared it 
jddish tinge, like bismuth It is brittle and in tense 1> 
ened and tempered tool steel. Its specilu gravity i> 


Manganese is super- 


Properties 

Manganese, when 
has a yellowish or reddish 
hard, equal to hardened and tempere 
7-2 and it melts at 1242° It boils at about MHXT 
ficially oxidized when exposed to the air. but the hnel\ < • ‘ 

will burn in air. Pure electrolytic manganese is not at t at ked 
at ordinary temperatures, but steam attacks it >hghtl\. • s «» . . 

obtained, however, it is readily attacked by water, manganous 1 1 - 

is formed, and hydrogen is evolved: 

Mn + 2H 2 0 = Mn(OH).. + H, 

This behaviour is reminiscent ot that of zinc with dilute ac id>ipa^c • 
When heated in nitrogen, manganese forms the mtiidt . n .. .. *v 
with ammonia it forms a nitride Mn 3 N 2 . It ‘ ^ 

carbon, sulphur and chlorine; and dissolve^ in acids foi mmg ! ** '** . . 
salts with the evolution of hydrogen, even including < ° * 1 1 1 

acid. 


Uses 


ufacture of manganese 
before the war. was 


Manganese is used extensively for the man 
steel. The annual production of manganese, befon u * ‘ 

3.000,000 tons. 80 per cent, of which was used lor . 

steels contain a little manganese (an avc rage figure bring » |»« 1 ’ 

but steel which is required to be tough and to resist \uwi 
for rails) contains up to 1-5 per cent. An alloy containing - 1 ' 

of manganese is very hard and tough, and remarka > \ riss 
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shock. It is, therefore, used for rock crushers, railway points and 
crossings, dredger buckets, steel helmets, etc. Manganese also enters 
into the composition of several other useful alloys such as manganese 
bronze (copper alloyed with varying quantities of manganese and zinc), 
tnatiganin (83 per cent, copper, 13 per cent, manganese, 4 per cent, 
nickel). Manganin is used for resistance coils on account of its very 
small temperature coefficient of resistance. 

Spiegeleisen and ferromanganese are alloys ol manganese iron and 
carbon which are used in the Bessemer process (page 845) for reducing 
iron oxide formed in the converter, and to counteract the deleterious 
effects of phosphorus and sulphur. Alloys containing less than 20 per 
cent, of iron are called ferro-manganese, the others spiegeleisen. 

Silico-spiegcl is a similar alloy containing up to 10 per cent, of silicon 
in addition. 

Cupro-manganese and Heuslers alloy (55 per cent, copper, 15 per 
cent, aluminium and 30 per cent, manganese) are magnetic. 

Manganese dioxide is used as an oxidizing agent. It is used in 
decolorizing glass stained by the traces of “ ferric silicate " present, 
for the violet colour of manganese silicate masks the complementary 
green tint of the iron. Manganese dioxide is also used as a 44 drier " 
for paints and varnishes; as a depolarizer in battery cells; and for 
colouring pottery bodies and glazes. Wad is used in the manufacture 
of paint. A crude mixture of sodium manganate and permanganate is 
made by fusing sodium hydroxide with pyrolusite. and a solution of 
the product is sold as a disinfectant under the name 44 Condy's fluid." 

Atomic Weight 

The atomic weight of manganese is seen to be in the neighbourhood 
of 55 from the value of its specific heat (0*114). The exact value has 
been estimated by analyses of silver permanganate, and by conversion 
of manganous chloride and bromide into the corresponding silver 
halides. The value recommended at present (1950) by the International 
Committee is 54*93. 


§ 3 Oxides of Manganese 

Manganese forms an unusually large number of definite oxides, viz., 

Manganous oxide. MnO, 

Manganosic oxide. Mn 3 0 4 , 

Manganese sesquioxide. Mn 2 0 3 , 

Manganese dioxide, MnO a , 

Manganese trioxide, Mn0 3 , 

Manganese heptoxide, Mn 2 0 7 . 

Manganous Oxide, MnO 

This oxide can be obtained by reducing any of the other oxides by 
heating in a steam of hydrogen, and also by heating manganous 
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hydroxide or carbonate in absence of air. It is also formed by heating 

”which oxicte. rapid* » <*P<.»r« ■» »■ 

It reacts with acids, forming manganous salts. 

Manganous hydroxide, Mn(OH)., .s prepared by addmg an alkah 
hydroxide to a solution o. a manganous salt. >n, absence of.a,r «hen 
U precipitated as a white, flocculent prenp.ta e. In he a.r .t is 
quickly oxidized, probably to manganic hydroxide It sligh > 
soluble in water, and forms manganous salts with acid*. 

Manganosic Oxide, Trimanganese Tetroxide, Mn 3 0, 

This oxide occurs in nature in red, prismatu ^ e /^n-anese 

and it is formed as a brownish-red powder when 

oxide is ignited in air. It can be obtained, in * >vdroeen chloride, 
by heating the powdered oxide in a slow curren •. * ^ a so i u ble 

Manganosic oxide reacts with acids with k» <> when 

manganous salt and insoluble hydrated manganese dioxide, e.g.. 

heated with dilute sulphuric acid: 

Mn.,0, + 2 IT,SO, = 2MnSO, + MnO, + - H *° 

Dilute nitric acid acts upon it similarly. On the other^nd. cold 
concentrated sulphuric acid gives a mix 1 1 
manganic sulphates: 

Mn.,0, + 4H.,SO, = MnSO, + MiijfSO,), + 4H A 
It thus appears to be a compound oxide, analogous to red lead (page 
739) and the black oxide of iron (page 8;>7) 

Manganese Sesquioxide, Mn 2 0 3 

This oxide, also called red oxide of manganese^ ture ^ 
braunite, 3Mn,0,. MnSiO,. It is obtained as a blac k *umntc>f oxvgen 
other oxide of manganese is heate d to about J ‘ • » s f onn i„,/ 

Manganese sesquioxide reacts slowly with 10 < . <• 4 j ^ 

manganic salts; hot sulphuric acid;forms iniangaim 
manganese dioxide; when warmed with h\drot »<» 
chloride and chlorine result: 

Mn,0, + OHO = 2MnCl 3 f 311,0 

2MnCl.« = 2MnCl s 4- ( U _ 

Mn,O a + H ..SO, = MnSO, + MnO, + H,°. 

The corresponding hydroxide. Mn(OH),. !>'•> not been isolated[>«“ 
the hydroxide MnO^OH (o, Mn,0 :l .M,0) « ob allied by the action of 
chlorine on a suspension of manganous carbona < 

3MnC0, -4 Cl, -4 H 2 0 = SMnO.OH -P MnCl t + 3CO r 
This hydroxide also occurs native as the mineral man^unitc. 
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Manganese Dioxide, MnO, 

This is the most important compound of manganese. It occurs 
native as pyrolusite, psilomelane, a hydrated form, and wad, a less pure 
form, contaminated with earthy material. Commercial manganese 
dioxide is prepared from pyrolusite. 

Manganese dioxide, when pure, is a black insoluble powder. On 
heating to redness it is converted, with loss of oxygen, into manganosic 
oxide. It is not affected by dilute acids, except hydrochloric acid. 
Cold concentrated hydrochloric acid dissolves it, giving a dark brown 
liquid and very little chlorine, if the temperature be kept low. This 
solution may possibly contain manganese tetrachloride, but probably 
consists of the trichloride. On warming, chlorine is evolved and 
manganous chloride remains (see page 495). 

MnO, + 4HC1 = MnCl 4 + 2H„0 
" 2MnCl 4 = 2MnCl 3 + Cl t 
MnCl 4 = MnCl a + Cl. 

2MnCl 3 = 2MnCl* + Cl 2 . 

When heated with concentrated sulphuric acid, manganous sulphate 
and oxygen are formed. In the cold, it is possible that a disulphate, 
Mn(S0 4 ) 2 , is formed: 

2MnO« + 2H 2 S0 4 = 2MnS0 4 + 2H 2 0 + O t . 

Manganese dioxide appears to be a feeble acidic oxide, tor with 
alkalis it forms compounds which are thought to be manganites (see 
below). It may also be a very feeble basic oxide; there is no direct 
evidence of the existence of the tetrachloride in solution, although 
complex derivatives, such as K 2 MnCl 6 , are known. It is not a true 
peroxide or superoxide, since it does not give hydrogen peroxide with 
acids. It is, therefore, a polyoxide (page 310) 

Manganese dioxide is used in the preparation ot chlorine (page 495); 
lor neutralization of the green colour of glass; in the manufacture of 
Leclanche cells (both of the wet and dry type) as a depolarizer; and 
for the manufacture of permanganates and other manganese compounds 
in chemical industry. 

Hydrated manganese dioxide is obtained when manganese dioxide is 
precipitated from a reaction in solution. It is probably manganous 
acid (q.v., page 82 i)i 

Manganese Trioxidc. MnO, 

If solid potassium permanganate be dissolved in cold concentrated sulphuric 
and. ami the green solution (probably containing permanganyl-sulphate) dropped 
upon anhydrous sodium carbonate, violet fumes are evolved which may be 
condensed to a red. viscid solid, believed to b* inmgauese trioxide: 

2KMnO, + 2H t S0 4 «= (Mn0 4 ! s S0 4 + K a S0 4 + 2H,0 
2(.MnO,);SO, 4- 2Xa,CO, = 2Na,$0 4 4- 4MnO, 4* 2CO, 4- O a 

It reacts with water forming manganese dioxide and permanganic acid: 

3MnO, 4- H,0 = 2HMnO< 4- MnO* 
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and with alkali hydroxides it gives manganates. e.g.: 

2NaOH 4- MnO, = Na,MnO, 4- H t O. . . 

It is not finally established that the red 't.^^^.thaTower ox.de 

been thought by some to be a mixture of the heptox.de (q.v.l 

Manganese Heptoxide. Mn.O. _in cold 

If the green solution obtained by dissolvmg .f^J^^e colU water oily drops of 



into manganese dioxide and oxygen, y an hvd„de. It" is a very 

solution of permanganic acid. It is 1 ,« when brought into contact 

powerful oxidizing agent causing is violently explosive, 

with it. and mixed with sulphur or phosphorus, the mixture 

§ 4 Oxyacids of Manganese 

Salts are known derived from three oxyacids of manganese, vfz.: 

Manganites from manganous acid, HjMnOj. 

Manganates from manganic acid, H.Mnu., 

Permanganates from permanganic acid, HMnO,, 

of which manganic acid itself has not been isolated. 

Manganous Acid, H 2 Mn0 3 . 

When manganese dioxide is precipitated as the■T<-s u /?be 

solution of a manganous salt. 

2MnOCl t 4- 4NaOCl + 2H s O = 2H,MnO a 4- 4NaCl 4- -C 

Manganese dioxide, particularly in this f° r ™* re ^ < T t f 'manganese 
hydroxide solutions to form mangani c*. 

dioxide is fused with potassium hydroxide in a s manganite 

ssss.’^assr 4 - 

obtained in the (now obsolete) Weldon recovery process for chlorine 
(page 41)6). 

Manganates 

Manganic acid has not so far been isolated but 
are known. When manganese dioxide is * usc £ \ such as 

sodium hydroxide, in presence of air or an oxk -8 •'k tirst 

potassium nitrate or chlorate, the potassium or sodium mangan.te 
formed is converted into the corresponding mangana e. 

MnO, + 2KOH = K.MnO, + H,0 
2K t MnO, + O s = 2K,MnO., 

The fused mass so obtained has a dark green colour, and when ex- 
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traded with a small quantity of water it furnishes a dark green solution 
from which dark green crystals of potassium manganate, K 2 Mn0 4 , 
can be obtained by allowing the solution to evaporate, at ordinary 
temperatures, in vacuo. Sodium manganate, Na 2 MnO 4 .10H 2 O, can be 
made similarly, and also by fusing manganese dioxide with sodium 
peroxide. It is isomorphous with Glauber's salt, Na 2 S0 4 .10H 2 O. 

The manganates are strong oxidizing agents, but they are so readily 

converted into the corresponding permanganates (see below), and these 

are so much more convenient, that manganates are not generally used. 

• 

Permanganic Acid, HMn0 4 

This acid is best made by adding just sufficient sulphuric acid to 
barium permanganate (see below) to precipitate the barium as sulphate. 
On evaporating the filtered solution, violet crystals of permanganic 
acid are obtained. It is a powerful oxidizing agent like perchloric 
acid, which it resembles also in decomposing in contact with organic 
matter. 

Potassium Permanganate, KMn0 4 

When the green concentrated solution of potassium manganate, 
prepared as described above, is gently warmed, or largely diluted with 
water, the green colour changes to pink owing to the formation of 
potassium permanganate, and hydrated manganese dioxide is precipi¬ 
tated. It is supposed that the manganate is first hydrolysed, forming 
manganic acid, which is so unstable that it is at once converted into 
permanganic acid: 

K t MnO a + 2H.,0 ^ 2KOH + H,Mn0 4 
3H 2 Mn0 4 = 2HMn0 4 + Mn0 2 .H 2 0 + H 2 0. 

The manganate is thus self-oxidized and self-reduced; one part of 
the compound being oxidized at the expense of the oxygen in another 
part. Potassium manganate is not hydrolysed in alkaline solutions, 
and it is supposed that pure water will not hydrolyse it. If a small 
trace of acid be present, even carbonic acid derived from the atmo¬ 
sphere. hydrolysis takes place. Hence, if carbon dioxide be passed 
through potassium manganate solution, it is converted into the 
permanganate: 

3K«Mn0 4 + 2C0 2 + H,0 = 2K 2 C0 3 + 2KMn0 4 + MnO t .H t O. 
This is the method employed commercially; the solution is run off 
from the manganese dioxide deposited, and then evaporated until it 
begins to crystallize. 

Potassium permanganate forms dark purple, almost black, crystals, 
with a greenish lustre, which are isomorphous with potassium per¬ 
chlorate. It is only sparingly soluble in water: 100 grams of water 
dissolve fi-45 grams at 15°. When heated to about 240°, potassium per¬ 
manganate decomposes, furnishing oxygen and potassium manganate: 
6KMn0 4 = 3K t Mn0 4 -f 3MnO, + 30* 
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It dissolves in cold concentrated sulphuric acid, forming a green 
solution of permanganyl sulphate, (Mn0 3 ) s S0 4 , which is liable to 
decompose explosively. A similar explosive decomposition occurs it 
potassium permanganate be warmed with sulphuric acid, and i> 
probably due to the formation of manganese heptoxide: 

2KMn0 4 4- 2H 2 S0 4 = (Mn0 3 ),S0, 4- K,S0 4 + 2H >0 
(Mn0 3 ) 2 S0 4 + H,0 = Mn 2 0- + H 2 SO, 

2Mn 3 0 7 = 4MnO* + 30 2 . 

Potassium permanganate is a powerful oxidizing agent, and is ^ x * e n- 
sively employed as such in volumetric analysis. W hen heated wit i 
an alkali, potassium permanganate reverts to the manganate: 

4KMnOj 4 - 4K0H = 4K,MnO, + 2H .O 4- 0 2 . 

If a reducing agent be also present, the alkaline permanganate solution 
is further reduced to manganese dioxide: 

4KMnO, + 2 H .0 = 4MnO f 4- 4K0H + 30.. 

In acid solutions, the reduction proceeds still further, and a manganous 
salt is formed: 

4KMnO, + GH 2 SO, = 2 K 2 SO, 4- 4MnS0, 4- CH a O 4- 30*. 

There are thus three stages in the reduction of potassium peimangunat* 
corresponding with separation of one. three or five atoms of availa > < 

oxygen per two molecules of salt. . . 

For volumetric analysis reduction is always carried out in a< u 
solution (except for the determination of tormic ac id of lonnateM, an< 
in this way oxalic acid and oxalates. ferrous sulphate. Milphunni'. au« 
and sulphites, hydrogen peroxide, nitrous acid and nitrites an* < ' t,! 
mined. In these circumstances two molecules of potassium pc i man 
ganate yield five atoms of available oxygen : 

2KMnO, + 3H,SO, = 2MnS0, + K.SO, + 3 H.O + 50 
(COOH). + O = 2C0, + H,0 
2FeS0, + H,SO, + O = Fc,(SO,), + H t O 
H.S0 3 + O = II ..SO, 

H.O. + O = H.O + O. 

KNO. + O = KNO;,. 

In acid solution potassium permanganate liberates iodine bom 
potassium iodide solution, a process also employed in \munu me 
analysis: 

2KMn0 4 4 - 10KI 4 - 8H 2 S0 4 = 2 MnSO, 4- GK.SO, f •"»» • 4* HiiA 
but in alkaline solution it is oxidized to potassium iodate. 

KI 4- 2KMn0 4 4- H 2 0 = KIO ;l 4- 2 KOII 1 * 2 Mn<).. 

The use of acid permanganate is very convenient since the solution 
°f the manganous salt formed is colourless, and so. if a 1111 »»i» o 

JX)tassium permanganate be added to a solution ol a o du« mg •»;,« n 
u colourless solution results until all the latter has been oxidized when 
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the appearance of a persistent pink colour ol permanganate indicates 
the end of the reaction. 

Sodium permanganate, NaMn0 4 , can be made in a similar way to 
the potassium salt, but it only crystallizes with difficulty. Conse¬ 
quently it is not much used except in the form of Candy's fluid , which is 
a solution of the crude mixture of sodium manganate and perman¬ 
ganate, made by fusing sodium hydroxide and pyrolusite. 

Silver permanganate, AgMn0 4 . separates as a red precipitate when equivalent 
quantities of hot concentrated solutions of silver nitrate and potassium perman¬ 
ganate are mixed and allowed to cool. 

Barium permanganate, Ba(Mn0 4 ) lt is lormed on adding barium chloride 
solution to a solution of silver permanganate. It is used for the preparation of 
permanganic acid 


§ 5 Salts of Manganese 

Manganese forms two series ot salts, which are derived respectively 
from manganous oxide and manganese sesquioxide. They are known 
as the manganous and manganic salts, of which the latier are unstable. 

Manganous carbonate, MnC0 3 , is made by adding so hum carbonate 
to a solution of a manganous salt, when it is precipitated as a pinkish 
or buff-coloured powder. It decomposes on heating, the manganous 
oxide first formed being oxidized to manganese dioxide, if access of 
air be allowed. 

Manganous Chloride, MnCl 2 

This salt is prepared bv dissolving the oxide, or carbonate, in hydro¬ 
chloric acid and evaporating the solution. It can also be made from 
pure manganese dioxide similarly, the heating being continued long 
enough to drive off all free chlorine. It separates from these solutions 
in rose-pink crystals of the composition MnCL.4H.,0. The anhydrous 
salt is made by heating these crystals in a stream of hydrogen chloride. 
It is a very deliquescent substance and forms complex salts of the type 
Ro.MnCl , with the alkali metal chlorides. 

Manganous nitrate, Mn(N0 3 ) 2 , is made by dissolving manganous 
carbonate in dilute nitric acid. On heating, manganese dioxide is left: 

Mn(N0 3 ) 2 = Mn0 2 + 2N0 2 . 

Manganous sulphide, MnS, is formed as a flesh-coloured precipitate 
when hydrogen sulphide is passed into an alkaline solution of a 
manganous salt. It dissolves readily in dilute acids, including acetic 
acid, which enables it to be distinguished from zinc sulphide which is 
insoluble in acetic acid. 

Manganous sulphate, MnS0 4 .5H 2 0, is made commercially by heat¬ 
ing pyrolusite with concentrated sulphuric acid: 

2MnO.> + 2H 5 S0 4 = 2MnS0 4 + 2H 2 0 + 0 2 . 
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It is recrystallized from water, and so obtained in pink triclnnc crystals 
of the composition MnS0,.5H*0. isomorphous with copper sulphate 

Manganous dithionate, MnS.O v is referred to on page 481 

Manganous ammonium phosphate, MuXH ,1’0,. is formed in pink 
“littering crystals when ammonium chloride ammonia and sodium 
phosphate are added to a solution of a manganous salt It.is.of impor¬ 
tance for the determination of manganese on account of its insolubility 
and since, on ignition, it is converted into the corresponding p> o- 
phosphate, Mn 2 P 2 0 7 . 

Manganic salts are unstable and cannot readily be obtained pure 
The brown solution which results when manganese dioxide is added to 
cold concentrated hydrochloric acid (page 828) probably contains a 
farge proportion of manganic chloride. MnCl, Also, by suspending 
manganese dioxide in carbon tetrachloride and passing in dry hy drogen 
chloride, a solid containing manganic chloride results. It is de¬ 
posed by water. It forms complex salts such as (NH,),MnUs.n,u, 
and K,MnCl,.M ,0. 

Manganic sulphate, Mn s (SO,) 3 , is formed as a dark green powder 
bv the action of sulphuric acid on freshly precipitated manganes 
dioxide It dissolves in water to a violet solution which deposits 
hydrated manganese dioxide on standing. It forms alums such as 

K,SO,. Mn 2 (SO,) 3 .24H ,0. 

§ 6 Detection and Determination of Manganese 

Manganese is often detected by the formation of a green manganate 
when the substance to be tested is fused with caustic alkali and an 
oxidizing agent (page 829|. On solution in water, a green solution is 
formed which becomes pink on the addition of dilute sulphuric acid. 

Manganese is determined gravimetrically either by precipitation as 
the double phosphate with ammonia, which on ignition is converted 
into the pyrophosphate Mn-jI’jOj, or as the sulphide, i In8. 

A convenient method for the determination of manganese in iron 
or steel depends upon the ability of sodium bismuthate to oxuli/e 
manganese compounds in solution to permanganates. lie solution ol 
the steel in nitric acid is treated with sodium bismuthate. lo the 
resulting permanganate, after filtration, excess of a standard solution 
of a ferrous salt is added and the excess of ferrous iron determined by 
titration with standard permanganate solution. 


§ 7 Masurium and Rhenium 

When Mcndcllcfl compiled ihe first periodic table he leit two vacant places in 
Group VI IA IhjIow manganese. which lor long has been the only known repres* nta- 

tivc of this sub-group , , 

Moseley's work (page I2i») confirmed the reality ol these gaps cor responding to 

2E 
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atomic numbers 43 and 75. but it was not until 1925 that Noddack and Tacke 
found indications of the existence of these elements on examining the X-ray 
spectra of concentrates from certain platinum ores and columbite. One of these 
elements (43) was called masurium. Ma. from Masuren, a district in East Prussia, 
and the other rhenium. Re. after the Rhine. Masurium has not been obtained 
in quantities sufficient to enable its chemical properties to be determined, but 
the chemistry of rhenium has been investigated to a considerable extent and 
both the element and its salts are obtainable commercially. 

Rhenium is a grey metal of high specific gravity (approx. 20-5) and melting 
point (317ti ). It forms a number of oxides, some of which are analogous to 
those of manganese, and perrhenates, corresponding to permanganates, are the 
principal compounds of rhenium. They are much less powerful oxidizing agents 
than the permanganates, and are colourless. 


§ 8 Relationships of the Elements of Group VIIA 

l’niil comparatively recently, manganese was the only known 
member of this sub-group, and even now so little is known of the 
chemistry of masurium that comparisons involving it cannot usefully 
be made. 

So far as the chemistry of rhenium has been investigated there seems 
to be the sort of resemblance to that of manganese which would be 
expected iii view of their positions in the periodic system. Both 
elements exhibit very variable valency; both form a large number of 
oxides, those with the larger proportions of oxygen being acidic in 
nature and readily forming salts such as the permanganates and 
perrhenates. 

Since this is one ot the extreme groups of the periodic system, it 
would be anticipated that the resemblance between the two sub¬ 
groups wniild be rather slight, as is found, for example, in the case of 
(iP'Up I. where the relationship between the alkali metals and the 
coinage metals is not at all obvious. In point of fact, the resemblance 
• •I in mganesc and rhenium to the halogens is even slighter, and it can 
h.iidlv be doubted that but for the indication of Mendeleeff’s table no 
"U« h relationship would have been sought for or upheld. 

The only pro|x*rty in which manganese shows any real analogy 
with the halogens is the formation of a heptoxide, MiuO-, which 
gi\v- rise to the permanganates, which are in many respects similar to 
ihe |h*i chlorates. Thus, the acids are monobasic and are powerful 
oxidizing agents, and tin* corresponding salts are often isomorphous. 
But the force of this fact is somewhat weakened by the isomorphism 
of tin* manganates with tin* sulphates. 

In point of fact, the principal analogies in tin* chemistry ol man¬ 
ganese .ire with its horizontal neighbours in the periodic system, viz.., 
chromium and iron, a*' might In* anticipated from its being a transitional 
element (in the modern >ense). As examples of these resemblances 
there may In.* mentioned the isomorphism of the manganites and 
iluomite-.; tin* manganic and ferric alums, and the similarity in the 
j>ro|»enies ol the metals themselves. In all probability, when their 
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chemistry has been more fully investigated, similar relationships will 
be discerned between molybdenum, masurium and ruthenium, ana 

between tungsten, rhenium and osmium. 

The probable electronic configuration of manganese, masurium ana 

rhenium are given in Table LXVI. 


Table LXVI 


Electrons in Orbits 


Element 

Is 

2s ip | 

3s 3 p 3d 

4s 4 p 4 d 4/ 

5s bp bd 

Os 0 p Cd 

7s 

Manganese 
Masurium 
Rhenium . 

2 

2 

2 

2 6 

2 6 

2 6 

2 0 5 

2 0 10 

2 0 10 

2 

2 0 0 

2 0 10 14 

1 

| 2 0 5 

2 




CHAPTER 35 


IRON. COBALT, NICKEL AND THE PLATINUM 

METALS 


Steel is the mainspring of modern industry. The commercial importance of 
steel is greater than that of gold, silver, zinc, copper and lead combined, and, 
indeed, the trite saying that this is an age of iron is well founded.—W. M. 
Johnson (11114). 

The progress which has been made and the considerable exactness actually 
attained in chemical analysis have been owing in a great measure to the discovery 
of platina. Without the resources placed at the ready disposal of chemists by 
this invaluable metal, it is difficult to conceive that the multitude of delicate 
analytical experiments which have been required to construct the fabric of 
existing knowledge could have ever been performed. —J. F. W. Herschel. 

§ 1 Group VIII of the Periodic Table 

Group VIII of the Periodic fable comprises those elements which 
Mendeleeff termed transition elements (a name which now has a 
different and more fundamental significance (page 144). It differs from 
all the other group* in containing three sots of three elements, each 
triad being composed of very similar elements whose atomic numbers 
differ only by one unit each. They are, in fact, situated more or less 
in the middle of each run of transition elements (in the modern sense, 
page 119). 

The elements concerned are iron, cobalt and nickel; ruthenium, 
rhodium and palladium; and osmium, iridium and platinum. The 
six last named are frequently referred to as a whole as the “ platinum 
metals." 


§2 Iron, Fe. History and Occurrence 

History 

Iron is perhaps the most precious of all the metals, for civilized 
man would probably feel its absence more than would be the case if he 
were deprived of all the so-called precious metals. Early in the 
fourteenth century, when iron was scarce, some iron kitchen utensils 
in the household of Edward III are said to have been classed among 
the jewels; and iron implements were among the most prized objects 
of plundering freebooters. The name iron is derived from the Scandi¬ 
navian iarn. Several fabulous stories have been told describing how 
meteoric iron falling to the earth was sent from heaven as a gift of the 
gods to man and the use of meteoric iron by primitive peoples may well 
have preceded the knowledge of the art of extracting it from its ores. 
It has been suggested that " the first iron produced was the result 
of chance when lumps of iron ore, in place of stones, formed a rude 
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cooking fire associated with some feast, where the fire was maintained 
long enough to effect the reduction." Then followed the observation 
that the higher temperatures obtained when the wind was blowing 
produced better material. Hence followed various contrivances for 
producing an artificial blast of wind, and so on by natural stages to 
the blastfurnace. Iron implements have been used from prehistoric 
times, one was found during some blasting operations in the pyramid 
at Gizeh (Egypt), which is probably 5000 years old. The use of t 
in China has been traced as far back as 2oo0 b.c.. and we are to u 
by the philologists that the early Vedic poets mention iron as being 
in the possession of their prehistoric ancestors, and that the artisans 
had acquired considerable skill in fashioning iron into ools. Owing 
the fact that ancient objects of iron are comparatively rare, while 
ancient bronze objects are quite abundant, archaeologists affirm that 
the so-called bronze age preceded the age of non The argumcii s 
much weakened when it is remembered how much more readily iron 
U corroded by oxidation, and how much more readily bronze would 
survive atmospheric action. Still, bronze was more easy to extract 
and work than iron, and archaeologists consider thaa.l’TVt c 

be the dominant tool and weapon of civilized peoples about o00 B.C. 
The scarcity of copper and the abundance of iron in India makes u 
p obatde hat with the Hindoos the iron age was not preceded by a 
bronze age The Aryan emigrants who travelled ...to Europe carried 
with them a knowledge of producing iron from its ores, he Etruscans 
of North Ualy were of Aryan stock, and they acquired considerable 
skill in the working of iron. Soon after the down la 1 of the Roman 
Empire the manufacture of iron developed in Spam. 1 he famous 
Toledo steel blades were the product of Spanish artisans. h< ir faun 
Ipread and Span sh craftsmen were drawn into France and ( .ermanv 
and there they introduced their peculiar Catalan forge which > ibse- 
Sntiy evolved into the large iron-smelting Jurnaces^ Hie product 
of the Catalan forge is cither a malleable iron or steel, the larg r 
furnaces produced a variety of iron which, being a form of cast 
iron, could neither Ik- forged nor tem,iered although it was very 
suitable for all kinds of castings of moderate strength. 1 he dl ' co ^ r > 
of a process by Cort —vide infra —whereby cast iron could be eoin. rud 
into wrought Von at a far less cost than was possible in the Catalan 
forge, gave a great impetus to the manufacture of ,ro, » Englanel 

Iron is frequently mentioned in the sacred writings, lht a >> 

an ancient nation' living near the Black Sea-are siippose. >t h; 
Greeks to have been the first to smelt iron ores Hence the ol.l term 
chalX for steel, and our modern chalybeate for ferruginous. he 
process of smelting iron was early practised in the* East and the 
Hindoos acquired considerable skill in the manufacture of wrought 
iron and steel. The old sword blades of 1 oledo, Bilbao, and Damascus 
were very famous. The more recent method of smelting by means of 
he blast (urn ice is said to have been devised ill Germany about UaO, 
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and in Great Britain about 1500. Charcoal was first used as the reducing 
agent; in 1618 D. Dudley commenced using coal; and in 1713 Darby 
used coke. Coke and coal gradually displaced the use of charcoal. 
Some charcoal is still used where wood is cheap, e.g., in a few places 
on the Continent and in America and in Mysore in India. 

Occurrence 

Small quantities of metallic iron occur in some basaltic rocks. An 
unusual mass, over twenty-five tons, has been found on the Disko 
Island, Greenland. Since iron rapidly corrodes when exposed to a 
humid atmosphere, native iron is not at all common. Nearly all 
meteorites or aerolites contain iron associated with other metals—chiefly 
copper, cobalt, and nickel. Traces of iron combined in various ways 
are found scattered almost universally throughout the mineral king¬ 
dom. Ferric oxide, Fe 2 0 3 , is widely distributed in nature as red 
haematite —from the Greek atfia (haima), blood, in reference to the 
colour of its streak —red ore, and specular iron ore —from the Latin 
speculum, a mirror, in allusion to the lustrous crystals of this mineral. 
Broh n haematite represents a class of hydrated oxides which may be 
represented by the general formula: Fe 2 0 3 .;iH 2 0, where n represents 
the variable amount of water in different varieties— limonite is generally 
taken to be Fe 2 0 3 .3H 2 0, that is, Fe(OH) 3 ; gothite, Fe 2 0 3 .H 2 0; and 
hog iron ore which occurs in Ireland belongs to this class. Limonite 
and scanthosiderite are considered to be colloidal forms of gothite 
with various quantities of adsorbed water. Magnetite, Fe 3 0 4 , is called 
loadstone, and magnetic oxide of iron. Siderite, or spathic iron ore, 
FeC0 3 , is a ferrous carbonate. Iron pyrites, FeS 2 , and chalcopyntes 
or cupriferous pyrites, CuFeS.», are not worked directly for iron on 
account of the difficulty involved in eliminating sulphur from the 
product so that iron pyrites is often regarded as a sulphur ore. Very 
few days, soils and granite rocks are free from small quantities of 
iron. Iron plays an important part in the nutrition of higher animals 
and plants since this element seems necessary for their healthy growth. 

§ 3 The Extraction of Iron from its Ores 

Hu* principal sources of commercial iron are the oxides—magnetite 
and haematite—and carbonates. These ores frequently contain a 
certain amount of clay and are then termed clay ironstones. The 
so-called hlackhand ironstone is a ferrous carbonate contaminated with 
clav and black coaly matters. The ores are usually calcined or roasted 
to drive off most of the moisture and carbon dioxide; to burn the 
organic matter and some of the sulphur and arsenic; and to convert 
ferrous oxide to ferric oxide. 

This prevents the early formation of a fusible slag which would 
attack the lining of the furnace. Ferric oxide does not form a slag at 
so low a temperature as ferrous oxide. At the same time the ore is 
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made somewhat porous, and this facilitates its reduction to metallic 

lr °The t reducrion^f thVcalcined ore or of ferric oxide is effected in a 
blast furnace. 


The Blast Furnace 


The blast furnace is a tall cylindrical furnace—80 to - eo U 
—and shaped approximately as indicated in the section. 11 0 . 3o.l. 



Fig. 35.1.— Blast Furnace (Diagrammatic) 


The dimensions and constructional details o Mast fur •vary 
somewhat in different localities It has an outer she n.uT <>m 
plates riveted together. Inside this is a casing of ord,in.r> hr rk 
and inside this a lining of firebricks- 1J fee " s to 

are subjected to the greatest heat are bui H,j s , );ir t 

facilitate repairs. The greatest internal 1 " , . * cu h. atll i. 

is called the bosh. The mouth of the furnace is^ ‘ ’ J *' f v "“' d 
cone feeder C The materials for charging the furnace arc coii'c>cd 

in trucks to the charging gallery D. at the top oIt he£ 
tinned into the cup of the feeder. When the cup is filled, the tom i 
depressed, and the charge automatically distributed in the in enor <> 
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the furnace. The waste gases pass away via the outlet at the throat 
of the furnace. The furnace narrows below the boshes, and at the 
hearth the diameter is H feet. Molten iron and slag collect on the 
hearth, and outlets are here provided, one. A, for tapping the slag 
and another. B, for tapping the iron. Between six and eight feet from 
the base oj tlu- furnace, six openings. T, are provided for the insertion 
of water-cooled nozzles tuyeres —through which a blast of hot air is 
forced into the furnace. 

I lu* hot gases from the top ot the furnace are led down a Hue—the 
doun-conier —into a chamber—the dust-ciitelier. lhe gases pass from 
the dust-catcher along an underground flue, FF, to a tower —( oiepers 
stove packed che« kerwiso with firebricks. The flue gas is burnt in 
the combustion chamber of the stove, and the products of combustion 
pass on t<> the chimney. The secondary air required for the combus¬ 
tion of this gas enters through the ports, II . The burning gas raises 
the temperature of the checker brickwork. When the temperature 
of tin* -tuvc is hot enough, the gases from the blast furnace are 
deflected, and burnt in an adjoining similar tower; meanwhile the 
ga> and air valves — l\ IT—in the hot tower are closed; and 
another set of valves -M. X —connecting the tuyeres with the blowing 
machine are opened. The cold air passing through the hot checker- 
work ot tlu* ( owper's stove on its way to the tuyeres is heated. When 
the towel has been cooled sufficiently, the adjoining stove is hot. The 
gas fp»m the blast furnace is again burned in the cooled tower, and the 
blast i> sent through the hot tower. 

The chemical changes which take place in the blast furnace during 
the Miielting of iron ore are somewhat complex. Hence the following 
sketch must be regarded as a simplified description: 


1. The Ore 

l he ore, mixed with coke and limestone, is exposed, in the upper 
part of the furnace, to the action of reducing gases, principally carbon 
monoxide, ascending from the lower part of the furnace, lhe action 
commences between .00 and r»nn\ that is, as soon as the charge has 
commenced its downward descent: 

Te,0 3 - :ifO ^ 2Fe + SCO.,; 

and reduction continues with increasing velocity as the charge descends 
into the hotter part of the furnace. There appears to be a complex 
series of side and intermediate reactions: 

:U ; e.,<) ;l • CO- -I-V..O, - ( 0., ; 

Te j() 4 - CO C • CO., - 3FeO: and 
FeO - CO ^ CO* - Fe. 

Below dull redness, the hack-reaction 

Fe - CO ^ FeO 4- C 

is known to occur. Most o| the oxide is reduced before it has descended 
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ten feet below the level of the charge; any oxide which has escaped 
reduction will then be reduced by the carbon. 

Fe,0 3 + 3C = SCO -4- 2Fe. 

The hot spongy iron meets the ascending carbon monoxide, and 
decomposes part: 

2CO = CO, + C. 

The solid carbon is deposited amidst the spongv iron. The iron under¬ 
goes little change until it reaches the zone of fusion Ihc , ™! "°'' 

ever, absorbs or dissolves much carbon as it passes down the fu ™«- 
The melting point of a mixture of iron and carbon is low, r than hat of 
pure iron, so that while the temperature of the blast furnace would not 
be sufficient to melt pure iron to the nccessarv llui, co u • 
temperature required for iron with carbon in solu ion is > ■ . ' 

tained. The molten iron trickles down and collects ... the of the 
furnace below the tuyeres. The iron takes up many r>‘her elements in 
addition to carbon during its descent to the furnace. 1 bus 
sulphur, phosphorus, and manganese are partly a »<>r ( 

and partly by the slag. 

2. The Ascending Gases 

The oxygen of the hot air blast burns the carbon of the hot coke: 

C -f- o, = co,, 

and the carbon dioxide is at once reduced by the hot carbon. 

CO, + c = 2CO. 

The ascending gases warm up the descending charge. 
temperature reaches about 600°, the limestone begins o n 

CaC0 3 = CO, 4- CaO. 

Most of the carbon dioxide thus formed is at once reduced1 by the 
excess of carbon to carbon monoxide. At this ^tago. u 
of the iron oxide to spongy metallic iron is practical y complcU . 
excess of carbon monoxide is needed for the reduc ion bL 

reaction, 

Fe,O a + SCO ^ 3COj + 2Fe, 

is reversible, and a condition of equilibrium would be attained when 
only a certain proportion of the ferric ox.de is reduced. An ; 
carbon monoxide favours a more complete rediu ion o L . 
oxide. There arc <iuite a number of concurrent reactions ak mg.place 
at the same time. If any water is present m the blast, it 
reduced: 

H,0 + C = CO 4- H*; 

and the nitrogen of the air, brought in with the gas, forins a it e 
cyanogen. The net result is a combustible gas, con anting «| p 
mately: 

CO CO, N H Hydrocarbons 

25*3 10-5 58-1 4-3 10 per cent. 


CO, 

10*5 


N 

58-1 
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The combustible gas is utilized lor heating the blast f and if there be 
anv surplus, it is used for heating the boilers which run the blowing 
engine; for calcining the ore. and lor general heating purposes. If 
coal be used in place of coke, tar, etc., separate from the gas at the 
base of the down-comer and that mixture is treated by the process 
described under coal gas. 


3. The Slag 

W hen the charge in the furnace has descended about twenty or 
thirty feet, and the temperature is about HOO . it has formed a mixture 
of spongy iron, earthy gangue, coke, and limestone or quicklime. 
Little further change occurs until the temperature is hot enough to 
melt the mixture. At this temperature, a fusible slag is formed 
containing approximately ”>•’> per cent. Si0 2 , 30 per cent. CaO, and 
Ip«-r cent. \L() 3 . The fused slag trickles down into the well, and 
f].,ats <m the surface of the molten iron. I he slag is either drawn from 
the furnace at intervals or allowed to run off continuously when it 
!V.U ht*- the level of the *' slag-hole” and. when cool enough, tipped on 
the slag heap. 

I he lad that any water present in the blast is reduced during the 
operation of the blast furnace has been mentioned. This is a strongly 
endothermic reaction as shown by the equation: 

Up x C bCO + H, - 29 cals. 

The heat absorbed in this reaction is taken from that being liberated 
in tin furnace in general and lowers the working temperature, besides 
using up valuable fuel. Hence, processes for drying the blast are now 
being tried. One of the most promising methods seems to be the use 
,a ..sin .i g. ! page TIM which can absorb up to 20 per cent, of its weight 

: i • re. and can be revivified simply by heating to a suitable 
ire. 1 he gel is made by mixing solutions of sodium hydrogen 
- il| i id sodium silicate, and is placed on suitable perforated 
ir.iv** ehamber through which the air for the blast passes. It is 
inteie>*. g to note that if the amount of moisture be reduced below 
l ..'» grains per cu. ft., the furnace will not operate: a discovery in 
harmony with the results obtained by Dixon and by Baker on the 
. :ie*‘ts of intensive drying (page 2!MI|. 

I he molten metal which collects on the hearth of the blast furnace 
i> tapped at intervals and run into sand moulds, or into chilled moulds 
and allowed to solidify. In this form it is known as pig-iron. If it is 
to bo lived foi steel making, tin* charge is sometimes conveyed in the 
molten -late direct to the converter or furnace in which this is to be 
done so as to save the cost of fuel required for remelting the solid 
pig-iron. 

Pig-iron is a relatively impure form ol iron, containing between 1*."» 
and 4 per cent, of carbon (partly free and partly combined as Fe s O 
together with phosphorus, sulphur, silicon and traces of other elements. 
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It is a brittle material, and cannot be worked under the hammer, for 
when heated it passes immediately from the solid brittle condition to 
the liquid state, when it can be cast or poured into moulds; hence after 
remelting in a vertical furnace, heated by coke and known as a cupola, 
it is known as cast iron. Cast iron is used for the production of a large 
number of articles of all kinds which do not have to withstand undue 
strain or shock, among which may be mentioned iron bedsteads, gutter 
pipes, stoves, railings and similar objects. 


§ 4 Wrought Iron 

Wrought iron is practically pure iron and was formerly extensively 
used on account of its relative freedom from corrosion and excellent 
welding properties. It has now been very largely superseded by mild 
steel, although a little is still made for making into welded chains. 

Pig-iron is melted on a bed of 
iron oxide in a reverberatory furnace 
(Fig. 35.2) and, when molten, the 
metal is stirred into the bed where 
the oxide reacts with the impurities. 

Carbon monoxide is formed which 
burns on the surface of the molten 
metal (puddler's candles) and the 
silicon, manganese and other im¬ 
purities form a fusible siliceous slag. 



Fig. 35.2.—Reverberatory Furnace 
(Diagrammatic) 


As the metal becomes purer its melting point rises so that it becomes 
pasty and finally forms “ balls " or " blooms *' which are spongy in 
texture and contain considerable amounts of slag. The balls are then 
removed from the furnace and squeezed as nearly as possible free from 
slag by working under a steam hammer. 

While cast iron melts at about 1200°, wrought iron melts at 1537°. 
Wrought iron softens at about 1000°, and it can then be forged and 
welded. Wrought iron is tough and malleable, and fibrous in structure; 
cast iron is brittle, and it has a crystalline structure. Under the 
microscope, wrought iron appears to be composed of a bundle of 
fibres surrounded by some slag of magnetic oxide, etc.; each bundle 
seems to consist of a series of fibres of metallic iron, interlaced with 
a little ferrous silicide. These fibres give wrought iron its characteristic 
structure and enable it to withstand severe longitudinal stresses. 
Wrought iron was formerly used for shipbuilding, bridge construction 
and similar purposes, but it has now been largely replaced by mild 
steel. Thus the production of wrought iron in this country has declined 
from nearly three million tons in 18*2 to little over 80,(MX) tons in 1037. 
although the total production of iron in all forms has increased in the 
same period. 
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§ 5 The Manufacture of Steel 

By far the largest proportion of the iron produced in modern industry 
is converted into some form of steel, which is iron containing from 0*1 
to 1-5 per cent, of carbon, and only the merest traces of sulphur and 
phosphorus. Other metals (e.g., tungsten, chromium, molybdenum, 
vanadium, manganese, nickel, cobalt) may be added in considerable 
quantities for the production of alloy steels for special purposes. 

The amount of carbon in steel is thus intermediate between that in 
cast iron and in wrought iron, so that steel can be made by decarboniz¬ 
ing cast iron or by carbonizing wrought iron. At one time steel was 
almost entirely made in the latter way; but now only comparatively 
small quantities are made thus. 

The principal methods of making steel are: 

(i) the cementation process; 

(ii) the crucible process; 

(iii) acid and basic Bessemer processes; 

(iv) acid and basic open-hearth (Siemens-Martin) processes; 

(v) electrical processes. 


The Cementation Process 

This process, now virtually obsolete, is the oldest method of steel 
making and was the process used in India, Damascus and Toledo. In 
essence, it is the same as the modern case-hardening process but pro¬ 
longed to a matter of days in order to introduce larger quantities of 
carbon into the metal. Bars of specially pure wrought iron-—e.g., 
Swedish iron—are packed with charcoal into sealed firebrick boxes. 
The boxes are heated in a furnace for eight to eleven days at about 
1000°. Carbon monoxide is formed, which diffuses into the hot iron, 
where it reacts, forming iron carbide (Fe 3 C) which passes into solid 
solution in the iron. Prolonged heating is necessary owing to the slow¬ 
ness of diffusion in the solid state but eventually the average carbon 
content is raised to I per cent, or more. The bars are then removed 
and subjected to an elaborate forging process in order to distribute 
the carbon as evenly as possible. It was in this part of the process 
that the inherited skill of the smiths was shown. Huntsman of Sheffield 
(17401 conceived the idea of melting the carburized iron in a crucible 
whereby a uniform distribution of the carbon was achieved more easily. 


The Crucible Process 

Bars of wrought iron are melted with a definite amount of charcoal 
in fireclay crucibles. The result is a high-grade crucible steel used for 
razors, shears and various tools. A less pure product is obtained by 
heating a mixture of wrought iron with the right amount of cast iron. 

This process, also, is now alost obsolete. 
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The Bessemer Process 

In 1852 Kelly patented a process for purifying pig-iron, based on the 
fact that if air be forced through a mass of molten pig-iron, in a suitable 
vessel, the impurities—carbon, silicon, etc.—which prevent the pig- 
iron being ductile and malleable are oxidized first, and a bath of 
molten metal, virtually wrought iron, is obtained. In 1&»6 H. Bessemer 
patented a converter suitable for the process. Bessemer afterwards 
bought Kelly’s patents. The metal in the converter can be mixed with 
a known amount of spiegcleisen—i.e., a ferro-manganese containing a 
known amount of carbon. 

The manganese is oxidized by the remaining oxygen of the iron 
while the carbon brings the composition of the metal to that of mild 


steel. 

In the Bessemer process about ten tons of molten pig-iron are run 
into a large egg-shaped vessel, called the converter (Fig. 3.J.3). The 
converter is made of iron plates lined with siliceous bricks (often 


ganister is used: a silica 
mineral), and provided 
with holes at the bottom 
through which a power¬ 
ful blast of air can be 
blown. When the con¬ 
verter luis been charged 
and the blast is turned 
on, the temperature 
rises owing to the heat 
evolved by the oxida¬ 
tion and combustion of 




the impurities—silicon, Fig. 35.3. — Bessemer Convertci 

manganese and carbon. .... . kX #i... 

The carbon forms carbon monoxide, which burns at the mo th of t u 

converter: the other oxides form a slag with tl.e lining By observing 
the flame, the right moment to stop the blast can be determined. I In 
right amount of spiegcleisen is then added, the blast is turned on again 
for a few moments, and the metal is then cast into moulds. 

This process revolutionized steel-making when first introduced and 
brought down the price of steel from £70 per ton to the neighbourhood 
of £15. besides making possible the production of very large quantities. 
Unfortunately, in its original form it can only be employed for p.g-iron 
free from phosphorus, since this, if present, is only oxidized ami not 
removed, and renders the resulting steel brittle and useless 

In 1H7H S. G. Thomas and P. C. Gilchrist showed that, if the con¬ 
verter be ’lined with, say, dolomite (basic lining), and some lime be 
added to the charge of pig-iron, and the blast continued a little longer, 
the oxides of phosphorus, sulphur and silicon formed combine with the 
lime. The operation is otherwise conducted as before. I he process 
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gives rise to basic slag, which is used as a fertilizer on account of the 
phosphorus it contains. 'If the lining is siliceous, the operation is 
called the acid Bessemer process; and if dolomite, the basic Bessemer 
process . 

The Siemens-Martin Open-hearth Process 

This is now the method in widest use for the manufacture of steel. 

In this process, the furnace is charged with a mixture of pig-iron, 
scrap iron and good haematite ore free from carbon. The mixture is 
melted in a shallow rectangular trough or hearth. The furnace is heated 
by producer gas. Both the gas and the secondary air for the combustion 
of the gas arc pre-heated so that a very high temperature can be 
obtained. A general idea of the process can be gathered from Fig. 35.4, 

which shows a section through the 
hearth. The air port is not shown 
in the diagram. The gas and air 
burn on the left, the fluegases travel 
down the flue on the right, and 
in doing so heat up two chambers 
packed with checker brickwork. 
The direction of the burning gas is 
then reversed. Gas and air pass 
separately through the heated 
Fic. 35.4. Hearth of Siemens-Martin chambers, and the flue gases heat 
i rocess (D.agrammat.c) up another pair of simi]ar chambers 

below the hearth. The direction travelled by the burning gas is 
reversed about every half-hour, and the heat of the flue gases is utilized 
in wanning up chambers through which the unburnt gas and air will 
pass later on. The furnace is called Siemens regenerative furnace. 
When a test shows that the metal contains the right amount of carbon, 
ferro-manganese is added as in the case of Bessemer’s steel. If the 
bed of the furnace is made of siliceous materials— acid process —the 
proportions of carbon, silicon, and manganese are reduced during the 
treatment, but the amounts of sulphur and phosphorus remain fairly 
constant. In the basic process, the furnace is bedded with, say, dolo¬ 
mite, and there is a steady fall in the amount of phosphorus and 
sulphur during the treatment, just as was the case with the basic 
Bessemer process. 

The open-hearth process ow f es its commanding position in the steel 
industry to the readiness with which the composition of the steel can 
be controlled, the uniformity of the product, the ability to use up steel 
scrap, the relatively smaller loss of iron in the process (4 per cent, as 
against 15 per cent, in Bessemer), and the large quantities w'hich can 
be dealt with at one operation. Its principal disadvantage, in com¬ 
parison with the Bessemer process, is the necessity for heating the 
furnace externally, and the length of time required to complete a 
charge: 10 hours or so (as compared with 20 minutes). 



chambers 
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Electrical Processes 

Electric turnaces, often of the arc-type, are used in the production 
of special high-quality steels. The absence of contact with furnace- 
gases reduces the chance of contamination by impurities and lessens 
the risk of the finished product containing " blow-holes. I he purity 
of the product renders these methods important, especially where 
electric power is cheap as in Sweden, for the manufacture ol high-grade 
products and special alloy steels. 

For making high-class steels the high-frequency induction furnace 
is coming into increasing use. The heat is generated within the metal 
itself by induced eddy currents and very high temperatures can be 
attained. Another advantage of the high-frequency furnace is the auto¬ 
matic stirring which is brought about by the movement of the metal 
under the influence of the induced currents. 

§ 6 The Constitution and Properties of Iron and Steel 

Pure iron is a laboratory curiosity; all commercial forms of iron 
contain impurities, notably carbon; and their properties depend upon 
the nature and amount of these impurities. 

Iron appears to exist in several allotropic modifications and it is 
unique among the metals in that almost the whole of its industrial 
importance depends upon allotropic changes Other metals are known 
to exist in more than one allotropic form but, with the exception ol 
tin, the changes are small and the physical and chemical properties o 
the allotropcs arc so nearly identical that their allotropy is of scientific . 
and not technical, importance. In the case of iron, however, the 
properties of the allotropcs are widely different in several important 
respects, notably in their capacity for dissolving carbon, and as a 
industry is at present based on steel a knowledge of the allot rop\ o 

iron is evidently of first importance. 

Pure iron freezes at 1537°, and the crystals formed at this tempera¬ 
ture have a body-centred cubic lattice. At I4(M this lattice change > 
to the face-centred form which, at changes back again i<> tie 

body-centred one. Iron in these three thermal regions is known as 
y And a-iron respectively and the change points as the A, and . 3 
points. (“ A M is from the French arret, a rest or halt, because o! the 
halts on the time-temperature, or cooling, curve at these, points.) 
These changes are reversible but the achievement of equilibrium «s so 
slow that even with extremely gradual heating or cooling tie i« 
always a time lag. This " thermal hysteresis ” may amount to as nun i 
as 50° to 100° and when it is necessary to distinguish between the 
two cases the suffix letters “ c ” and “ r 1 are used (derived Irom l ic 
French chaujfa^e. re/roidissement). Thus Ac, means the change poin 
a y when heating and Ar, means the y -+• a change on cooling. 

There is another type of change which takes place at d>8 and wine i 
is also reversible, for at this temperature the iron atom changes to the 
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paramagnetic state. A small alteration in specific heat also occurs at 
this point so that there is another halt on the cooling curve. This 
used to be known as the A 2 point and iron between 768 = and 906° was 
called [3-iron but, as it is now known that there is no phase change 
3-iron is no longer believed to be a separate allotrope. The thermal 
change which accompanies the magnetic transformation is the cause 
of recalescence, i.e., the sudden brighter glow of the slowly cooling 
metal (Barrett, 1874). 

It is now believed that £-iron is a reappearance of x-iron and not a 
separate phase. This view is supported by the fact that if the specific 
volume-temperature curve for x-iron is extrapolated beyond 906° it is 
found to coincide with the corresponding curve for $-iron, and also 
by the observation that the addition of certain alloying elements to 
iron, e.g., silicon, chromium or phosphorus, causes the contraction of 
the y-ngion and the enlargement of the ^-region until they are no 
longer separated by a phase boundary. 

The discussion, so far, applies to the pure element only and is of great 
theoretical interest but the modifications produced by the addition of 



Fig. 35.5. The Iron-Carbon System 
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carbon are of much greater practical importance while the theoretical 
interest remains. Liquid iron will dissolve up to about 5 per cent, of 
carbon but in the solid state the solubility is very much smaller. When 
the metal freezes some of the carbon is, therefore, rejected from solu¬ 
tion either as cementite, which is iron carbide, he/, or, if it exceed* 
about 1-7 per cent., as graphite, which may be formed directly by 
crystallization from the solution or indirectly by decomposition of 
cementite. The iron end of the iron-carbon phase rule diagram i> gut n 

in Fig. 35.5. , . » 

If Fig. 35.5 be compared with Fig. 10.4 (page lo8) it can be seen 

that there are three separate sets of equilibria, viz., (i) the system 
ACD, ECF which relates to the freezing of molten alloys of carbon and 
iron; (ii) the system GSE, PSK which relates to a series of change* 
occurring in the solid alloys; and (in) the system ABN. known as the 

^Neglecting tor the moment the 8-tip. the diagram is interpreted as 
follows. A(B)C represmts the temperatures at which crystals of 
v-iron containing carbon in solid solution and know n as austenite (a < 
Sir W. Robcrts-Austcn) begin to separate; the curve A(J)Ll represents 
temperatures at which this freezing process is complete and these two 
curves are known as the liquid us and solidus respective \. • uni a , 
CD (liquidus) and CF (solidus) represent the beginning and completion 
of the freezing of the carbide (cementite). It will be seen that austenite 
and cementite form a eutectic, when the percentage <>f *ar >»»n i> 

which freezes at 1130°. . ........ 

In the second (solid solution) system (.S represents the comnuiKc- 

ment of the v - « allotropic change while GPb represents its comple¬ 
tion. (Cf. AC and AFC.) FS represents the commencement of tla 
separation of cementite from the solid solution (austenite) and Mv 
represents its completion. (( f. < D and C F.) Just as the rrtviiig po 
is lowered, as shown by BC, w hen the percentage of carbon is im r*a>u 
(cf. AO in Fig. 10.4) so the temperature at which the allotiopic < hang* 
occurs is also lowered as the amount of carbon in solid solution me leases 
Furthermore. PSK is a cutcct oid line and S a cutect out point. At b 
a-iron (known as ferrite) and the carbide. Fe a ( (cementite) are produced 
simultaneously from the solid solution (austenite) yielding a < 11 • 

consisting of minute parallel plates of the two phases. ,loU, J * ls 
pearlitc. This was originally called pcarlyitc by its discoverer. I r IL L. 
Sorby of Sheffield, on account of its " mother-of-pearl iridescence 
when viewed under the microscope by oblique illumination. 1 he 
composition of this eutectoid corresponds to n PJ r (rn • ° 1 * n 
and at this point, and on the broken vertical line be ow i . 11 * 41 

consists entirely of pearlitc. To the left of this line the > rue l 
pearlitc plus ferrite (hypo-eutectoid) and to the right it |*a <• 1 b 

cementite (hyper-eutectoid). i-.>••<> 

The 8-tip may be interpreted thus. 8-iron freezes out at \.*U and. 
on cooling to 1*492°, a peritectic reaction takes place, the A-iron plus 
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liquid becoming 8 -f- y (all solid). Between 1492’ and 1403 d-iron is 
progressively converted into y-iron and ultimately disappears (line JN); 
the point J corresponding to the presence of 018 per cent, of carbon. 

The area GPQ, which docs not correspond to anything in I ig. 10.4. 
represents the (very small) solubility of carbon in a-iron (ferrite) 
amounting to a maximum of 0*35 per cent, at the eutectoid tempera¬ 
ture, falling to 0 003 per cent, at ordinary temperature. 1 he dotted 
line MOSK represents the magnetic change (Curie points). 

In all the preceding discussion it has been assumed that the rate of 
cooling is sufficiently slow to allow of equilibrium being established at 
each stage, a condition which is of particular importance in the region 
between GSE and PSK, which is known as the critical range. As an 
example the effect of heating, in this way, a steel containing 0*4 per 
cent, of carbon may be considered. This, in equilibrium, consists ot 
approximately equal amounts of ferrite (a-iron) and pearlite. W hen 
this is slowly heated to 725°, the A, point (Ac, point), the face-centred 
lattice of a-iron begins to change to the body-centred one ol y-iron 
and this involves also a change in the volume of the unit crystal. At 
the same time the carbon, which has been practically exclusively con- 
fined to the cementite constituent of the pearlite, begins to di If use into 
the almost carbonless (now r ) iron which surrounds it. 1 ns process 
is analogous to the diffusion of any solute front a region of nigh to a 
region of low concentration except that it is very ninth slower w nn 
it takes place as here in the solid state. 1 he cementite, tun «>u, 
disappears and the final state at any temperature within the area 
GSEA is a uniform solid solution of 0 4 per cent, of carbon in y-iruii 
(i.e., austenite). With slow cooling the reverse process takes place. 
When the temperature falls to a point on the line (iS the Y' ,n>n H ^’ ,n> 
to change into a-iron and the carbon is rejected from the >"lu ><> u ion 
in the form of cementite (Fe 3 C). This process continues until »he con¬ 
centration of carbon in the remaining solid solution reaches n. i per 
cent, when ferrite and cementite are formed simultaneous* \ at t 011 s an 


temperature as the eutectoid pearlite. , 

If instead of very slow cooling the cooling process is accelerated so 

that equilibrium cannot be established the a-uon has no mu ” 
separate, the carbon is unable to diffuse quickly eiioug i am 11 I* l,ls 
boundary is reached too soon. I he resulting structuri nn slows 
abnormally large areas of pearlite and correspondingly sma I a u > < 
a-iron and, with more ra|)id cooling, a steel containing n|ore ui 
0-4 per cent, of carbon may appear to be entirely prai itic. 

A rate of cooling of about 35° per second suppresses the IH.irh 
change altogether and the resulting structure shows \a k * • 
amounts of austenite and a new constituent known as mar i s ■ 

A. Martens). The relative amounts of these two phases depend <»n 
rate of cooling and on the quantity of carbon presen . as i 1<M> h 
and high carbon content tend to cause the retention o morj a *» 1 
and concomitant formation of less martensite but even wi i a u c 
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cooling as high as 3000° per second it is impossible to retain more than 
50 to 60 per cent, of austenite. But an ordinary industrial “ quench " 
in water (about 100° per second) is sufficient to suppress the formation 
of pcarlite and give a purely martensitic structure. 

The exact nature of martensite has been much disputed. High carbon 
martensite, as quenched, is intensely hard and extremely brittle; it is, 
moreover, magnetic, so that it cannot be a form of austenite which, 
with the same carbon content, is relatively soft and ductile and non¬ 
magnetic. The present view is that it is a “ forced " solution of carbon 
in a-iron and that its intense hardness is caused partly by suppressed 
volume changes and partly by the precipitation of cementite, possibly 
in a state of almost molecular dispersion upon the principal crystallo¬ 
graphic planes of the lattice. 

Metals deform by the lateral movement of lattice-layers along certain 
preferred crystal planes. Such movement usually occurs quite easily 
in the pure metal but it is impeded if, for any reason, the lattice is not 
quite uniform, as, for example, if alien atoms of the “ wrong " size are 
present. This occurs when small quantities of a second metal are 
present in solid solution; the rows of atoms in the lattice become bent 
and its planes buckled and distorted so that easy slipping is prevented 
and we say that the metal has been hardened and strengthened by 
alloying. 

Very much the same thing would occur if small, hard particles were 
deposited on these planes (compare the effect of sand on a slide or of 
grit in a bearing), and it is believed that this is the case with martensite. 
Martensite must be, essentially, a form of a-iron because it is magnetic 
and its space lattice as revealed by X-rays is a very slightly distorted 
form of that of x-iron. But carbon is aimost completely insoluble in 
a-iron whereas martensite may contain up to 1-7 per cent, of carbon, 
and yet as this does not appear as a separate phase either under the 
microscope or in X-ray examination it must be in some sort of solution. 
This difficulty has proved a great obstacle to the understanding of the 
nature of martensite and it was only when the close analogy between 
the phenomena under discussion and those associated with colloidal 
solutions was properly realized that the difficulty was cleared up. The 
carbon in austenite is in true solution while that in martensite is in 
colloidal solution. 

Although austenite and martensite are both metastable below Ar, 
the metal is so rigid that no perceptible change takes place at ordinary 
temperatures even in the course of centuries. On heating, this rigidity 
is relaxed so that breakdown into stable forms takes place. This is 
what happens in the process of tempering. When martensite is tempered 
at temperatures below the critical range no changes are visible under 
the microscope but the original intense hardness and brittleness are 
slightly reduced. Raising the temperature and keeping it up for a 
longer time continues this process, releasing the internal stresses and 
coagulating the precipitating cementite from its original high degree 
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of dispersion until the point is reached at which pearlite makes its 
appearance. Formed in this way. however, it is. so unlike ordinary 
pearlite that it has always been known as troostite (after L. I roost) 
and it is only latterly that it has been shown to be an extremely finely 
divided “ emulsion " of ferrite and cementite. 

Continuing the tempering process causes the precipitate t*> become 
coarser and to coagulate still further, through a stage once known as 
sorbite (after H. C. Sorby) but now as granular or emulsified pearlite, 
until it emerges finally as'thc ordinary laminated constituent character¬ 
istic of fully tempered (or annealed) steels. 

Troostite, sorbite and pearlite are all essentially the VIZ *» 

separate particles or layers of ferrite and cementite, the < i < n necs 
being of degree and not of kind. I he series martensite, troost 1 1«. >or >i c 
and pearlite is analogous to a colloidal solution of sulphur in wa kt 
which is at first clear and water-white and then, as tin- dispei >c p ia>c 
coagulates, passes through the stages of interference diet t>, <> °P a 
cence to the final one of visible precipitation. 

Retained austenite behaves similarly. I he final result o i s t n ]j c , 
ing is to produce troostite but at the same time, abo\e a >ou , 
martensite is formed. The final result is, therefore, identtca , a *oug 

the mechanism is not the same. . , . . 

The principles underlying the commercial heat-trea nun o yc 
can now be understood. Heating up through the critical mngt pnu i< < ^ 
greater uniformity and refinement of the metal strut line on a« lo,ll ‘ 
of the recrystallization involved in the a > Y phase vhange a t c 
subsequent solution of the carbon. Subsequent cooling, a 1 * ’ ' 
too far removed from the equilibrium rate, fixes the rHinec * i 4 
and produces marked improvement in the physical proju i i» > ° 
forgings and castings. This process, viz., heating up to just a >"^ • ^3* 
holding there until the carbides have had time to pass m “ .. 

solid solution and then cooling in air. is known as normalizing °° * 

the steel from above A 3 at speeds in excess of tin* critical ra « . - 

quenching in water, oil, or an air blast, produces martensi ». •* n ‘ * 

this is suitably tempered below A, in order to remove quenching >iu ;*** 
and to restore some measure of ductility the metal i> >ui a > y* 
cutting tools or springs. Prolonged tempering at, or near, . < ,. " 1 

by very slow cooling, is called annealing Annealed stee i> u • 
soft, weak and ductile and the metal is used in tin* coin i i«»n ' ! - 

required to undergo cold deformation in the course <> a 1 
process. Forging is the process of fabrication by hot deforma , °' 1 111 c c 
the hammer or in a press. The steel is heated well above . < 
becomes plastic; it is then worked under the hammer unit 1 I 1 • 
turc falls below red heat (Ar. approx.); the deformation senes to 
prevent the injurious grain growth which would otherwise oca 

Alloys of Iron . . 

Iron forms many valuable alloys with other elements, particu ar y 
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in the form of special steels. Among the alloying elements may be 
mentioned vanadium, titanium, chromium, molybdenum, tungsten, 
manganese, nickel and cobalt. These, and their properties, are 
referred to briefly under the heading of the element concerned. In 
addition, the presence of more than the normal proportion of silicon 
produces a material of remarkable resistance to acids and other 
reagents, but it is very brittle and is not to be regarded as a steel. In 
certain circumstances silicon-steels can be made (see page 713). 

In addition to the processes of hardening, annealing and tempering, 
which affect the whole body of the metal, the methods of case-hardening, 
nitriding and the Barff process are applied to the surface of finished 
articles. 

Case-hardening of wrought iron or mild steel is effected by heating 
the metal in contact with carbon or potassium ferrocyanide thereby 
producing a hard steel surface. Nitriding is carried out by passing dry 
ammonia gas over the metal parts heated to of MV in sealed boxes for 
fMi hours. An intensely hard surface skin is produced with practically 
no (hange in volume. 1 he degree of hardness is much greater than 
that produced by case-hardening and the method has the additional 
ad\untage that the temperature required is below the critical range of 
sterl. In the Barff process the metal is heated to redness and steam is 
passed over it, so th.it an adherent surface layer of ferrosic oxide is 
ptoduced. 1 his process has been suggested, inter alia, for treating cans 
tor food preservation as an alternative to tinning. 

Properties of Pure Iron 

Pun- iron is a grey, lustrous metal which crystallizes in the cubic 
system. It melts at 1537 . and boils at 3000'; its density is 7-87 and 
it> specific heat o-ll. One of the most noteworthv of the physical 
properties of iron is its magnetism. All elements exhibit some slight 
magnetic phenomena: but the diamagnetism of iron is remarkable 
and almost unique, being more than a million times greater than that 
of any other element except nickel and cobalt. Diamagnetism is 
possessed only by x-ferrite; ‘/-ferrite is feebly paramagnetic. 

Iron is readily oxidized; it burns brilliantly in oxygen, and. when 
finely divided, will also burn in air. the magnetic oxide (Fe 3 0 4 ) being 
formed. Iron also burns in chlorine and in sulphur vapour; ferric 
chloride and lerrous sulphide being the respective products. When 
heated to led ness, iron also reacts readily with steam, hydrogen and 
the magnetic oxide resulting. 

Iron di>s«fives in dilute acids; sulphuric acid furnishes ferrous 
Milphate and hydrogen: and hydrochloric acid furnishes ferrous 
chloride and hydrogen. With cold dilute nitric acid (specific gravity 
below I n., |, hydrogen is not evolved, but the acid is reduced to 
ammonia, and this reacts with the excess of nitric acid to form ammo¬ 
nium nitrate; with an acid of specific gravity 1*034 to 1*115, ferrous 
nitrate is the main produet; and with an acid of greater specific gravity 
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than 1*115, say 1*3, ferric nitrate is the main product. With concen¬ 
trated nitric acid (specific gravity 1*45), the iron does not appear to 
react. The iron in contact with the concentrated acid appears to have 
changed, for it behaves differently from a piece of the same sample 
of iron which has not been in contact with concentrated nitric acid. 
The sample which has not been in contact with the strong acid will 
precipitate copper from copper sulphate solutions, lead from lead 
nitrate, and silver from silver nitrate; the other sample will not. lhe 
inert iron is said to be in the passive condition. Passive iron does 
not react when dipped in dilute nitric acid. Other oxidizing agents, 
chromic acid, hydrogen peroxide, will make iron passive, lhe cause 
of passivity is that a thin film of oxide is formed on the metal by contact 
with the oxidizing agent. This has been proved by electron detraction 
experiments and by the isolation of the film of l*e 2 0 3 . (Leans.) lhe 
passivity can be removed by scratching the surface of the it on. by 
heating it in a reducing gas, by strongly rubbing the surface, and by 
bringing the passive iron in contact with zinc while immersed in the 
dilute nitric acid. Other metals also exhibit passivity, e.g., cobalt, 
nickel, chromium, and bismuth. 

Iron is not appreciably attacked by alkalis, except at high 

temperatures. 

The Rusting of Iron 

It has been estimated that the world's annual lo>*» by con -don «»| 
iron, steel and the ferrous metals generally, is in the neighboui h<*<»d *»t 
700 millions sterling (Hadfield). It is, therefore, evident that tie 
problem of the protection of iron and steel articles, so as to lender 
them resistant to corrosion, is of paramount importance. 

When commercial iron is exposed to a humid atmosphere for a short 
time, it soon becomes covered with a reddish-brown film which is 
called rust. Iron rust seems to be an indefinite mixture nn hieh <*n 
analysis furnishes numbers which vary according to the age i the 
rust, etc. Rust usually contains ferrous oxide, ferric oxide * irhon 
dioxide, and water. Analyses show that rust is probably a n '.• tun- of 
ferric oxide, hydrated ferrous and ferric oxides, and basic .em>u> and 
ferric carbonates. If the rust has been long exposed to ti. - air. the 
amount of ferric oxide is relatively large, and the amounts ol ferrous 
oxide and carbon dioxide small. Rusting is a complex process and 
w rkers are by no means agreed on the simple facts. Dry iron m dry 
air does not rust, moisture must be present before rusting can occur. 

It also appears to be true that water alone (in tin* ab**»*iue of an) 
will not cause rusting to take place. There is still some dispute as to 
whether pure iron will rust in the presence «>f pure water and puie 
oxygen only, and although it is quite possible that rusting does not 
occur under these conditions, nevertheless, this paituulai question is 
of academic interest only. 

Some deny, others affirm, that the presence ot an acid and water are 
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necessary. It is exceedingly difficult to free water and the surface of 
glass from carbon dioxide; and silicic acid can be dissolved from the 
glass vessels used and from particles of slag in the iron. However, where 
careful attention has been taken to eliminate the disturbing factors, 
the evidence seems in favour of the conclusion that the presence of 
an acid is necessary for rusting; that an acid is always present when 
the iron dissolves; and it is highly probable that pure iron does not 
undergo appreciable oxidation when exposed to pure water and to 
pure oxygen. Films of moisture frequently condense on the surface 
of iron exposed to the air, and the moisture holds carbon dioxide and 
oxygen in solution. I he mechanism of the “atmospheric rusting" 
of iron may then proceed according to the following scheme: An acid 
ferrous carbonate, Fe(HC0 3 ) 2 ; or a basic carbonate, Fe(0H)(HC0 3 ), 
is first formed. The ferrous carbonate in contact with oxygen is 
oxidized to basic ferric carbonate, Fe(0H) 2 (HC0 3 ); or to Fe(OH) 
(HC0 3 ) 2 ; or both. 1 he basic ferric carbonate is then hydrolysed by 
the water, forming ferric hydroxide, Fe(OH) 3 ; and the ferric hydroxide 
is subsequently more or less dehydrated, forming ferric oxide. Ferric 
oxide is more or less hygroscopic, so that once rusting has started, at 
any point, subsequent corrosion is quicker because the ferric oxide 
helps to keep the surface of the iron adjacent to the rust spot moist. 
Several other hypotheses have been suggested, and the subject is still 
sub judice. 

It has been shown by U. R. Evans that an important cause of the 
rusting of iron is differential aeration, and in so doing he has provided 
an explanation of the peculiar phenomenon of pitting. It is fairly 
clear that the corrosion of iron is an electro-chemical phenomenon 
connected with the different electrical condition of different portions 
of the metal; for, if one piece of a metal becomes electro-positive to 
another, that piece will dissolve more rapidly in contact with an 
electrolyte, just as pure zinc dissolves more readily in acids when in 
contact with copper. If a cell be made in which the electrodes are two 
portions of iron, one of which is immersed in air-free water, and the 
other in water through which air is bubbled, a current is found to flow 
and the iron which is screened from air dissolves. Thus corrosion 
occurs at a point which is most screened from the air and so rusting, 
having once started, will tend to be worst at the deepest point in a 
rust patch, thus producing pits. 

Atomic Weight 

I he values found for the vapour densities ol volatile compounds of 
iron, such as iron carbonyls and ferric chloride, and the specific heat 
(U llh), indicate a value in the neighbourhood of 56 for the atomic 
weight of iron. 

Accurate values have been determined bv conversion of pure ferrous 
chloride and bromide into silver chloride and bromide, and by reduc¬ 
tion of pure ferric oxide in a stream of hydrogen. By the bromide 
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method Honigschmid obtained values between 55-847 and 55-854. 
The mean of eighteen experiments is 55*85. and this is the value recom¬ 
mended by the International Committee at the present time (11*50). 


§ 7 Oxides and Hydroxides of Iron 

Iron forms three oxides, viz.: 

Ferrous oxide, FeO; 

Ferrosic oxide (magnetic oxide), l : e 3 0 4 ; 

Ferric oxide, Fe 2 0 3 . 

Ferrous oxide, FeO, is formed when lerric oxide is heated in hydrogen 
at 500° or in a mixture of equal volumes of carbon monoxide and 
dioxide at 800°. It is also formed when ferrous oxalate is heated out of 
contact with the air: 

FeC 2 0 4 = FeO 4* CO -f CO.,. 

When exposed to the air, it oxidizes readily, sometimes burning 
spontaneously, to ferric oxide. It is a basic oxide, and dissolves 
readily in acids forming ferrous salts. 

Ferrous hydroxide, Fe(OH).,, is obtained as a white precipitate when 
solutions of alkali hydroxides or ammonia are added to a solution o! 
ferrous salt, with complete exclusion of air. If the solutions contain 
dissolved air, the precipitate has a greenish colour. It rapidly absorbs 
oxygen and passes into brown ferric hydroxide. It reacts readily with 
acids, forming solutions of ferrous salts 


Ferrosic Oxide, Magnetic Oxide ol Iron, Fe 3 0, 

This compound occurs in nature as the mineral magnetite in black. 

octahedral crystals which are magnetic. 

It is the most stable oxide, and is formed when iron or non oxides 
arc heated in air or oxygen, or when steam is passed over red-hot iron. 

3Fc 4 20, = l ; e 3 0 4 ; 

OFcO 4 O, — 2Fe 3 0|, 

GFco0 3 = 4Fe 3 0 4 4 0 2 ; 

3Fc 4 414.6 = FojjO, 4 4H a . 

According to Moissan, there are two modifications <>I ferrosic oxide: 
the one is formed by heating ferric oxide from 350° to 4IH) in a current 
of hydrogen or carbon monoxide; and the other by reactions at a high 
temperature e.g. the combustion of iron in oxygen 1 lie former is 
attacked by nitric acid, and lias a specific gravity of 4-Hll; the latter is 
not attacked by the same acid, and lias a specific gravity oil to o l. 
The phenomenon is thus analogous with the general effect of high 
temperatures on oxides like alumina, chromic oxide, ferric oxide, etc. 
l'errosic oxide is not a basic oxide since it forms a mixture of ferric 
and ferrous salts when treated with acids It is probably a " compound ” 
oxide, analogous with manganosic oxide, Mn.,O t . and red lead. I’b 3 0, 
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On this assumption, ferrosic oxide is a ferrous ferrite, Fe(Fe0 2 ) 2 . 
Several other ferrites are known (see below). 

Ferric oxide, Fe 2 0 3 , occurs naturally in large quantities as haematite 
and specular iron ore—a crystalline form. It is obtained as one of 
the products of the roasting of iron pyrites for the manufacture of 
sulphuric acid (page 465). It is formed as a reddish-brown powder when 
ferrous sulphate, or carbonate, or hydroxide, or many organic salts of 
iron are calcined in air. It is stable at a red heat, but at temperatures 
above about 1300° it decomposes into Fe 3 0 4 . It is reduced to iron by 
hydrogen at 1000°. 

The finely divided oxide obtained by calcining ferrous sulphate is 
known as jeweller's rouge and is used as a pigment. Red ochre and 
Venetian red are also forms of ferric oxide. The particular tint of the 
pigment depends upon the temperature of calcination, which appears 
to determine the size of the particles. 

When prepared at a low temperature, ferric oxide dissolves fairly 
easily in acids, forming ferric salts; but if it be heated to a temperature 
above 600°, acids only attack it with difficulty. 

Ferric Hydroxides 

A voluminous red-brown precipitate is formed when ammonium 
hydroxide is added to a solution of a ferric salt, and this appears to be 
the fully hydrated oxide, I r e(OH) 3 . On drying and heating, this passes 
into ferric oxide. It readily reacts with acids, forming solutions of 
ferric salts, although it is a very weak base and its salts are largely 
hydrolysed in solution. 

Ferric hydroxide can readily be obtained in the form of a colloidal 
solution as described on page 2 >2. 

A hydrate of the composition FeO(OH) or Fe 2 0 3 .H 2 0 occurs 
naturally as the mineral gothite, and is also obtained by the action of 
water on sodium ferrite. It may be ferrous acid, HFeO*. 

On heating an intimate mixture of ferric oxide with sodium carbonate, 
sodium ferrite, NaFe0 2 , is formed. Similarly, other ferrites result when 
ferric oxide is heated with basic oxides, e.g.: 

ZnO -f- Fe 2 0 3 = Zn(Fe0 2 ) 2 . 

In these reactions ferric oxide exhibits an acidic character: it is 
thus an amphoteric oxide like aluminium oxide and chromic oxide. 

Ferrates 

When chlorine is passed through a concentrated solution of potassium hydroxide 
m which ferric hydroxide is suspended, the solution assumes a purple colour, and 
a black powder of potassium ferrate, K s Fe0 4 , separates The reaction is usually 
represented: 

2Fc(OH), -f 10KOH + 30, = 2K,Fe0 4 + 6KC1 + 8H t O. 

1 he black powder appears to be analogous with potassium manganate, K t Mn0 4 , 
with potassium chromate. K,Cr0 4 . and with potassium sulphate, K,S0 4 . The 
salt dissolves in water, forming a rose-red solution which, on crystallization. 
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furnishes dark-red crystals isomorphous with potassium sulphate and chromate. 
Potassium ferrate is unstable and its solution readily decomposes! 

4K,Fe0 4 + 10H,O = 8KOH + 4Fe(OH), + 30,. 

The barium salt, BaFcO,. is a dark carmine-red and fairly stable. By analogy 
with the chromates and sulphates, it is inferred that the ferrates are derived 
from an unknown ferric acid, H,Fe0 4 ; which in turn is derived from an unknown 
ferric anhydride, FeO, t analogous with sulphur and chromic trioxides. 


§ 8 Salts of Iron. Ferrous Salts 

Iron forms two series of salts derived respectively from ferrous oxide 
and ferric oxide. 

Ferrous Salts 

The ferrous salts are usually colourless when anhydrous, and form 
green crystalline hydrates and faintly green solutions. Fhey are 
readily oxidized in acid solution by most oxidizing agents and, hence, 
are useful reducing agents. They are stable in air in presence of acid, 
but otherwise are readily oxidized in contact with the atmosphere. 
This probably occurs through the formation of the hydroxide which is 
precipitated in alkaline solutions, and is present in neutral solutions on 

account of hydrolysis. t . . A . 

Ferrous salts are distinguished from ferric salts in that they give a 
green precipitate with ammonia or alkali solutions, and a blue precipi¬ 
tate of Turnbull's blue with potassium ferricyanide solution (see 
page 866). 

Ferrous carbonate, FcC0 3 , occurs naturally as spathic iron ore, 
and can be obtained as a white precipitate by mixing air-free solutions 
of sodium carbonate and ferrous sulphate. It rapidly oxidizes m 
contact with the air, becoming green, and finally red, through formation 
of ferric hydroxide. 

Ferrous chloride, FeCI*. is obtained in solution by dissolving pure 
iron wire in dilute hydrochloric acid. On concentration, the solution 
deposits bluish-green crystals having the composition re( 1 2 .4H 2 U. 
On heating, it decomposes so that the anhydrous salt cannot be 
obtained in this way. It is made by passing dry hydrogen chloride 
over heated iron, using the apparatus indicated in l’ig. 3o.7, when 
white feathery crystals are produced. 

Ferrous chloride is very soluble in water (100 grams of water dissolv e* 
67 grams of anhydrous salt at 15° C.). and the solution has an acid 
reaction, probably on account of hydrolysis. Like the sulphate, tin- 
solution absorbs nitric oxide forming a black or very dark brown 
solution. On heating in air, ferrous chloride decomposes into ferric 
oxide and chloride: 

12FeCl f + 30, = 2Fe,0, + 8 FcC1 3 . 

With ammonia gas, at room temperatures, ferrous chloride forms 


860 


MODERN INORGANIC CHEMISTRY 


[Chap. 

FeCl 2 .6NH 3 , which passes into FeCl 2 .2NH 3 at about 300°. It readily 
forms double salts, of which FeCl 2 .2NH 4 Cl—or (NH 4 ) 2 FeCl 4 —ferrous 
ammonium chloride is the most important. 

Ferrous nitrate, Fe(N0 3 ) 2 .6H 2 0, forms unstable green crystals. 
It is obtained by grinding together equivalent quantities of ferrous 
sulphate and lead nitrate with a little alcohol: 

Pb(XO,) f 4- FcS 0 4 .7H 8 0 = Fe(N0 3 ) 2 .6H 2 0 + PbS0 4 4- H 2 0. 

Ferrous sulphide, FeS, is made by heating iron filings and sulphur, 
considerable heat being evolved in the process; or by dipping iron 
rods into molten sulphur. It is precipitated when hydrogen sulphide 
is passed into alkaline solutions of ferrous salts and when colourless 
ammonium sulphide solution is added to a solution of a ferrous salt. 
It is a black, insoluble substance with a metallic lustre in mass. It 
readily reacts with dilute acids, yielding hydrogen sulphide, and is 
used for the preparation of this gas (page 449). 

Ferrous Sulphate, Green Vitriol, FeS0 4 .7H 2 0 

Ferrous sulphate occurs native as copperas or melanterite. It was 
known to the Ancient World and used for making ink, and in medicine. 
It is still used for the former purpose; also for the preparation of blue 
pigments, and as a mordant. It is made commercially from iron 
pyrites. This is stacked in heaps exposed to air and moisture. Oxida¬ 
tion occurs, and the liquid which drains away contains ferrous and 
ferric sulphates and sulphuric acid; the " drainage solution ” is con¬ 
verted into ferrous sulphate by scrap iron; on crystallization, the 
solution furnishes pale green, rhombic prisms of the composition 
FeS0 4 .7H 2 0 

2FeS* -f- 70 2 4- 2H 2 0 = 2FeS0 4 4- 2H 2 S0 4 . 

4FcS0 4 4- 2H*S0 4 -f O, = 2Fe 2 (S0 4 ) 3 4- 2H t O, 

Fe 4- H*$0 4 = 2FeS0 4 4- 2H, 

2Fe 2 (S0 4 ) 3 4- 2H = 2FeS0 4 4- H 2 S0 4 . 

Pure ferrous sulphate is made in the laboratory by dissolving pure 
non in sulphuric acid, precautions being taken to exclude air. 

Ferrous sulphate, prepared as above, is a green crystalline solid, 
soluble in water (100 grams of water dissolve 43*5 grams of FeS0 4 .7H 2 0 
at 15°). On heating, it decomposes, losing water and forming sulphur 
dioxide an d sulphuric acid (page 43): 

2(FeS0 4 .7H.,0) = Fe s 0 3 4- H 2 S0 4 4- SO* + 13H 2 0. 

This reaction was at one period used for making sulphuric acid. On 
exposure to the air, the crystals turn brown, presumably owing to the 
formation of a basic ferric sulphate. Solutions of ferrous sulphate 
absorb nitric oxide, forming a black or dark-brown solution, a property 
made use of in the brown-ring test for nitrates (page 422). and in the 
preparation of nitric oxide (page 428). 
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Ferrous sulphate crystals are isomorphous with the corresponding 
salts of beryllium, magnesium, zinc, cadmium, manganese, chromium, 
cobalt and nickel, all of which crystallize with seven molecules of water. 
These are known as vitriols, e.g., green vitriol is ferrous sulphate, 
white vitriol, zinc sulphate. It is interesting to note that co PP^*" 
sulphate normally crystallizes with f>H 2 0. but a salt isomorphous \Mth 
the above series and of the composition CuS0 4 .7H s O, is formed when 
copper sulphate in admixture with the sulphate of iron, zinc or magne- 
sium.is allowed to crystallize. 

Ferrous ammonium sulphate, Mohr’s salt, I*eS0 4 .(NII 4 ) 2 S0 4 .(iH 2 0, 
is made by dissolving equi-molecular quantities of ammonium sulphate 
and of ferrous sulphate in the least possible quantities o iot \\a cr 
(at 60-70°), mixing the hot solutions and adding a trace o! dilute 
sulphuric acid. Pale green crystals of the double “alt separate on coo - 
ing. It is soluble in water (100 grains of water dissolve 20 grams ot the 
salt at 15°), and both the solid and solution are less readily oxidized by 
contact with the atmosphere than ferrous sulphate, paitu u ai \ w an 
precipitated by adding alcohol to the concentrated aqueous >ou ion 
and washing with alcohol. It is used in volumetik ana \“i“. 

Fcrrosic chloride, Fc,CI,. l«H a O. is analogous in co.npoMtioi. 
oxide. It is made by dissolving that oxide in concentrated liydr-H ^ 

evaporating the solution in a desiccator containing concen t.t «.< > | 

It forms yellow deliquescent crystals. 

§ 9 Ferric Salts 

The ferric salts are usually yellow, although m solution they often 
appear darker on account of the formation of letm iy ro\n c 
hydrolysis. They are found to lx* more easily hydrolysed than the 
ferrous salts, i.e., ferric hydroxide is a weaker base than firm s 

hydroxide. ' . ...... 

Ferric salts are readily reduced to the corresponding ferrous salts >> 
many reducing agents, e.g., nascent hydrogen, sulphur c ioxi« * . « < 
They are thus weak oxidizing agents. Some bun sa s bk- 1 
oxalate) are reduced by the action of light ; a fact w/»ich is made use 
of in the blue-print process for reproducing diagrams, etc. 

Ferric Chloride, FeCl 3 or Fc 2 C1 6 

Anhydrous ferric chloride is made bv passing di\ «l»l«*i in« i iron 
heated in a combustion tube. 

The ferric chloride formed is __ 

volatile and can be condensed j 

in a bottle attached to the | s' 

outlet of the tube. (See Fig. ( L-— - 

35.7.)It forms glistening scales & r um , chamber 

which appear greenish by re- 
fleeted light, and dark red by 
transmitted light. 



Fig. 35.7.—Preparation ol Ferric Chloride 
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Ferric chloride is ordinarily met with in the hydrated form, which is 
prepared by the action of iron, ferrous carbonate or ferric oxide on 
hydrochloric acid, to which a little nitric acid has been added. Several 
hydrates are known; the one formed by allowing the solution made 
as above to crystallize has the composition FeCl 3 .6H 2 0. 

Ferric chloride is very soluble in water (100 grams of water dissolve 
02 grams of the anhydrous salt at 20°), but undergoes considerable 
hydrolysis, unless excess of hydrochloric acid be present. Colloidal 
ferric hydroxide is formed in this way, and may be separated by 
dialysis (page 252). 

i iie anhydrous salt boils at 315°, and at temperatures below 400 ; 
the vapour density corresponds with the formula Fe 2 Cl 6 ; from 400' 
to 750 the vapour density steadily diminishes to the value correspond¬ 
ing to Fe(*l 3 . At still higher temperatures, a further slight fall in 
vapour density occurs; probably on account of dissociation into ferrous 
chloride and chlorine: 

2FeCI 3 ^ 2FeCI, + Cl 2 . 

I lie elevation of the boiling point of ether or alcohol when ferric 

i hl»>ride i> dissolved in them indicates a formula FeCI 3 . 

Ferric chloride solutions are yellow when hydrolysis does not occur 
e g., in ether or benzene) or has been prevented by addition of hydro¬ 
chloric acid. Otherwise they are reddish on account of the formation 
of the hydroxide. 

Ferri< chloride forms a number of double salts which are garnet 
icd crystalline substances, e.g., K 2 FeCl 5 .H 2 0; (NH 4 ) 2 FeCl s . H 2 0. 

Ferric nitrate, Fe(X0 3 ) 3 . can be made by treating iron with 
moderately dilute nitric acid (sp. gr. ca. 1*3). On addition of more 
concentrated nitric acid, almost colourless crystals of the composition 
Fe:XC) 3 i 3 .MH 2 0 separate. 

Ferric sulphide, l e 2 S 3 , can be obtained by fusing equal weights of 

ii ‘ii and Milphur at about 550 ; and by passing a current of hydrogen 
'ltiphide uwi warm ferric oxide, as in the purification of coal gas 

page 355* 


Iron Disulphide, Iron Pyrites, FeS, 

Although ferrous sulphide i*. rare in nature, iron pyrites is very 
nunon indeed. It occurs in two forms: one, f>yrite, crystallizes in 
* ubic system and is very slowly oxidized in air; the other, marcasite, 
i n -talli/es m the rhombic system and oxidizes comparatively quickly. 
I i- a hard yellow substance with an appearance resembling brass, 
•n I can be made artificially by heating iron with excess of sulphur at 
.« low red heat. 500 . 

When heated to Ton , it loses sulphur, and when heated in air it 
bums to ferric oxide and sulphur dioxide, and is extensively used as a 
•omve of Milphur dioxide for sulphuric acid manufacture (sec page 465). 
It is also used for making ferrous sulphate (page 860). 
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Ferric Sulphate, Fe 2 (S0 4 ) 3 

This salt is prepared by adding sulphuric acid and an oxidizing agent, 
such as nitric acid or hydrogen peroxide, to ferrous sulphate solution 
and boiling the mixture until it ceases to give a blue precipitate with 
potassium ferricyanide: 

2FeS0 4 + H 2 S0 4 + H,0 2 = Fe 2 (S0 4 ) 3 + 211,0. 

After concentration, the solution deposits, when cooled, a whitish mass 
which has the composition Fe 2 (S0 4 ) 3 .9H 2 0. The anhydrous salt can 

be obtained by heating the hydrate. 

Ferric sulphate forms alums with the sulphates of the alkali metals, 
etc., the most important of which is iron alum, (Mi 4 ) 2 bU 4 . e,( da- 
24H,0. It is used in analytical work as a standard of ferric iron as 
it is almost the only ferric salt which can be punhed readily by 
crystallization. 


§ 10 Ferrocyanides and Ferricyanides 

Diesbach, a colour manufacturer oi Berlin, accidentally discovered 
the colour now known as Prussian or Berlin blue about I iW. and he 
mentioned the fact to the alchemist. Dippel. who investigated the 
subject, and according to Woodward (1724) prepared it by me ting 
dried blood with potash salts and treating the aqueous ex 
mass with ferrous sulphate. J. Brown (I72.>) showed that animal 
flesh, and St. Geoffroy (1725) that othci animal substances, could be 
used instead of blood. In 1752 Macquei noticed that when I russian 
blue was boiled with an alkali, iron oxide separated fn>in the solution 
and the mother-liquid contained a substance whic h separa ed in >ellow 
crystals. It was then called phlogisticatcd potash and afterwards 
prussiate of potash . it is now known as potassium f^rocyamde K. XV. 
Scheele (1782-5) showed that when distilled with dilute acids, 1 r ^ian 
blue furnishes an acid which he named prussic acid. ( . L. Berthollet 
(1787) showed that iron, as well as potash and prussic acid, is an 
essential constituent of the so-called prussiate of potash. 

Potassium Ferrocyanide, K 4 Fe(C)N^ 

When nitrogenous refuse (blood, horns leather scraps, etc.) is 
charred, and the black mass is ignited with potash and iron tilings, 
something is formed which passes into solution when the mass is 
lixiviated with water. The aqueous solution on evaporation gives 
yellow crystals of potassium ferrocyanide with the empirical composi¬ 
tion, K 4 FeC e N 6 .3H 2 0. The same salt is obtained from the spent 
oxide ” of the “ purifiers " of gas works which are used (q.v.) to 
remove the sulphur and cyanogen compounds from the gases formed 
during the distillation of coal. I he " spent oxide- is boiled with 
lime. The soluble calcium ferrocyanide is leached from the mass, 
and converted into potassium salt by the treatment with potassium 
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carbonate. The resulting potassium ferrocyanide is purified by 
crystallization. Sometimes the cyanogen compounds are removed 
from the coal gas before it reaches the purifiers by washing the gas in 
an alkaline solution with ferrous carbonate in suspension. Sodium 
ferrocyanide, Na 4 Fe(CN) 6 .10H 2 O, is produced in an analogous way. 

Properties of Potassium Ferrocyanide 

Potassium ferrocyanide crystallizes in laminated, sulphur-yellow 
crystals with three molecules of “ water of crystallization," K 4 Fe(CN) 6 . 
3H 2 0. The salt is soluble in water, but not in alcohol or ether. The 
aqueous solution has a bitter taste, but is not particularly poisonous, 
fhe salt loses its " water of crystallization " on warming, and the 
anhydrous salt remains behind as a white powder. The salt is decom¬ 
posed when heated, forming potassium cyanide, KCN, and a mixture 
of carbon and iron possibly containing iron carbide, generally repre¬ 
sented by the equation 

K 4 Fe(CN ) 6 -> 4KCN + Fe -f 2C -f N„ 
although it is probably much more complicated than this. When 
warmed with dilute sulphuric acid, hydrogen cyanide (q.v.) is formed; 
with concentrated sulphuric acid, carbon monoxide is evolved: 
K 4 Fe(CN ) 6 -f 6 H 0 O -f GH.>S0 4 

= 2K 2 S0 4 -f FeS0 4 -f 3(NH 4 ) 2 S0 4 -j- GCO. 

Ferrocyanic Acid, H 4 Fe(CN ) 6 

W hen a saturated solution of potassium ferrocyanide, freed from 
dissolved air by boiling, is treated with concentrated hydrochloric 
acid in the cold, a white crystalline powder called ferrocyanic acid is 
formed: it has the empirical formula, H 4 Fe(CX) 6 . Ferrocyanic acid 
turns blue on exposure to the air owing to partial decomposition and 
the formation of Prussian blue (q.v.), and when heated in vacuo at 
about 300 & it furnishes a pale yellow powder with the empirical 
formula Fe(CN) s ; this powder is probably not a simple cyanide, but 
rather a ferrous ferrocyanide (vide infra). 

Sodium nitroprusside, Na,Fe^NO»^CN) ft . 2H,0 

Wlu-ii. say. four grams of powdered potassium ferrocyanide are boiled for half 
an hour with 4 c.c. of concentrated nitric acid diluted with its own volume of 
water, and the cold solution made alkaline with sodium hydroxide, ruby-red 
crystals of sodium nitroprusside are obtained. The sodium ferrocyanide is thought 
to be lirst oxidized to the ferricyanide. which reacts with NO: 

Na 3 Fe(CN) 6 + NO = NaCN + Na,Fe(NO)(CN) s . 

Sodium nitroprusside is also formed on passing nitric oxide into acidified 
sodium ferrocyanide solution. When sodium nitroprusside is treated with alkalis, 
it furnishes sodium ferrocyanide, ferrous hydroxide, etc.: 

ONa,Fe(NO)(CN) s + UNaOH = Fe(OH), + 5Na,Fe(CN), + GNaNO, + GH t O. 
The salt is sonn-times called sodium nitroferrocyanide. A solution of sodium 
nitroprusside is sometimes used as a test for sulphides since it gives a deep violet 
coloration with soluble sulphides. 
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The nitroprussides were formerly supposed to contain ferric iron..but Pauling 
(1931) and Sidgwick (1934) have suggested that the odd e ^ c,r °" oi t h d T t 
molecule enters the valency shell of the ferric ion forming a nitroecn 

the :NO: radical thus left co-ordinates by means of the lone pmr on the nitrog . 
This view is supported by the fact that the mtroprusside is diamagnetic whereas 
potassium fexricyamde is paramagnetic. 

Nitroprussic acid, H t Fe(NO)(CN)*. has been obtained n 
crystals by treating the silver salt with hydrochloric acul. or the barium >alt with 

dilute sulphuric acid 

Potassium Ferricyanide, K 3 Fc(CN) 6 # 

If an aqueous solution of potassium ferrocyanide be treated with 
oxidizing agents like chlorine, bromine, nitric acid, hydrogen peroxide^ 
etc., it acquires a dark reddish colour, and crystals of potassium 
ferricyanide separate when the solution is concentrated by evaporation. 

2 K 4 Fe(CN), + Cl, = 2 KCI + 2 K,Fe(CN)«. 

The potassium ferricyanide is separated from i>otassium chloride by 
re-crystallization. If an excess of chlorine be passed into a solution of 
potassium ferricyanide, the solution deposits a greenish precipitate 

Sled Prussian green. The oxidation of , thc ^^"‘itahne S- 
cyanide is now conducted by the electrolysis o sig > ‘ , , . 

tions—hydrogen and potassium hydroxide are formed at the cathode. 

2 K 4 Fe(CN), + 2 H ,0 -*■ 2K,Fe(CN), + 2KOH + H„ 

or, in terms of ions: . 

2 [Fe(CN),)"" + 2H' = 2(Fe(CN),] + H,. 

The ferricyanide is separated by crystallization. Potassium ferri¬ 
cyanide. also called red prussiate of potash is a mild ox 'f!' z, "e J" 

alkaline solutions, for it oxidizes reducing age ts kesochum 

thiosulphate, hydrogen sulphide, etc., re-form,ng potassium ferro- 

cyanide ’ 

4 K,Fe(CN), + 4KOH = 2H,0 4- 4K,Fe(CN)» 4- O,. ., 

Thus, an aqueous solution of the ferricyanide is converted into ferro- 
cyanide by potassium or sodium amalgam. 1 otassium ferriiyamdc 
is rather more soluble in water than the ferrocyanide: thus 100 > grams 
of water at 0 ° dissolve 31 grains of potassium fern. \ an d and 13 
grams of ferrocyanide; at 10 ° these numbers are «*»JP«tiwly Jfl and 
20. Potassium ferricyanide is not soluble m alcohol In 
aqueous, solution potassium ferricyanide undergoes slight hydrolysis. 
a change which is accelerated by light: . 

K,Fe(CN). + 311,0 = Fe(OH), 4- 3KCN 4- 3HCN. 

Hence the solution will not keep and should be freshly prepared before 
use. When a saturated solution of potassium ferric>amdc is treated 
with concentrated hydrochloric acid, in the cold red^sh-broun 
acidular crystals of tribaStc ferricyamc acid, H 3 l'c(CN) a . separate from 
the solution concentrated by evaporation in vacuo. 

Various salts of ferrocyanic and ferricyamc acids have characteristic 

2F 
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colours, as indicated in Table LXVII, and consequently, potassium 
ferrocyanide and ferricyanide—particularly the former—are used in 
qualitative analysis. 


Table LXVII. —Properties of Ferro- and Ferricyanides 


Ferric chloride 


Ferrous chloride . 


Copper sulphate . 
Cobalt nitrate 
Silver nitrate 


Ferrocyanides added to 


Deep blue precipitate of 
Prussian blue, insoluble in 
hydrochloric acid, soluble 
in oxalic acid. 

Bluish-white precipitate 
which rapidly darkens on 
exposure to air, or by ' 
adding a drop of bromine. ! 

Reddish-brown precipitate. * 

Greyish-green precipitate. 

White precipitate. 


Ferricyanides added to 


No precipitate in neutral so¬ 
lutions, but the solution 
is coloured deep brown. 

Deep blue precipitate ol 
Turnbull's blue. 


Greenish-brown precipitate. 
Red precipitate. 

Red precipitate. 


Prussian blue, or Berlin blue , is formed, as indicated in the preceding 
table, when excess of a solution of potassium ferrocyanide is added to a 
solution of a ferric salt. It is insoluble in hydrochloric acid, but soluble 
in oxalic acid, forming a deep blue solution. When heated with con¬ 
centrated sulphuric acid Prussian blue yields hydrocyanic acid; and 
when boiled with alkaline hydroxides, ferric hydroxide is precipitated, 
and alkaline ferrocyanide remains in solution. Besides the “ insoluble " 
Prussian blue, a soluble or colloidal Prussian blue is formed when rather 
less than an equivalent of a solution of a ferric salt is added to a solu¬ 
tion ol potassium ferrocyanide. By the addition of salt to the solution, 
the “ soluble " Prussian blue is coagulated or “ salted out/’ and the 
precipitate is then “ insoluble " Prussian blue. 

It is probable that these two “ forms " of Prussian blue differ only 
in the size of the particles composing them. 

When potassium lerricyanide solution is 
added to neutral or acid solutions of a ferrous 
salt, a dark blue precipitate called “ Turnbull's 
blue " is formed. 

Prussian blue and Turnbull's blue should 
thus be ferric ferrocyanide and ferrous ferricy¬ 
anide respectively. It had long been suspected 
that they are not, in fact, distinct chemically 
and X-ray investigation has now shown (Keggin 
and Miles, 1936) that they are identical. The 
crystal lattice is cubic with alternate ferrous 
and ferric atoms at the comers of the cubes 
and with the CN radicals along the edges. The 
composition is now known to be KFe[Fe(CN)„) 
and the potassium atoms are situated at the 
centres of alternate cubes (see Fig. 35.8). 



• - Fc"‘ 
o = Fe" 
e = K ■ 

1* iii. do.8. 

structure of Prussian 
(and Turnbull's) Blue 
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§ 11 Iron Carbonyls 

Iron forms three compounds with carbon monoxide, known as carbonyls. If 
carbon monoxide be passed over finely divided iron at 1-0 . iron penUcixbonyl, 
Fe(CO)», is formed as a pale yellow viscous liquid. °n exposure to light, it 
decomposes, forming iron cnneacarbonyl. Fe,(CO) f This latter compound 
decomposes when heated, forming carbon monoxide and the pentacarbonyl. If 
the enncacarbonyl be heated in an inert atmosphere and ,n P rcs ^" cc r ^ * n 
organic solvent, green crystals of a polymer of iron tetracarbonyl FefCOlJ,. 

are formed. _ , ~~ 

2Fe(CO), ^ Fc,(CO) # + CO. 

The structure of metallic carbonyls has been shown, by means of X-rays and 
electron diffraction, to involve co-ordination through the unshared pair of «. lectrons 
on the carbon of the carbon monoxide. Iron pcntacarbon> thus \i&s the form of 
a trigonal b,pyramid in which all five carbon monoxide molecules arc united ito 
the iron by co-ordinate links, iron cnneacarbonyl has six carbon monoxide 
molecules joined by co-ordinate links and three carbonyl groups joining the iron 
atoms by ordinary co-valencies, thus: 

OC /CO\ CO 

\ / \ * 

OC—> F e-CO-Fe«—CO 

/» \ / N 

oc \ CO / CO 

§ 12 Detection and Determination of Iron 

Iron can be detected in compounds by fusion on charcoal wth sodium 
carbonate, using a reducing flame, when the me al results and can be 
recognized by its magnetic properties, f lus reduction requires som< 
care in its performance. Cobalt and nickel, if presen . are ormet 

Slr ?nSolution, iron is detected by means of the reactions of ferrous and 
ferric salts with ferrocyanidcs, fcrricyamdes and thiocyanates (tin 
latter give a blood-red coloration with ferric salts). 

Iron is determined volumetrically when in the ferrous state b> 
titration with potassium permanganate or dichromate. erne salts 
may be titrated with titanous chloride, or they may be reduced to the 

ferrous state and dealt with as before. *« rr ;,s 

Gravimetrically. iron is determined by conversion first to the feme 
state, by means of nitric acid ; after which it is precipi ated as hydniNidc 
by ammonium hydroxide. The ferric hydroxide is filtered off, washed, 
dried, ignited and weighed as ferric oxide. 

§ 13 Cobalt, Co 

History 

The word " kobalt " occurs in the writings of B. Valentine and 
Paracelsus to denote a goblin supposed by the old Teutons and Scandi¬ 
navians to haunt the mines, destroying the work of the minors and 
giving them a lot of unnecessary trouble. I he word is derived from 
the German kobald. an evil spirit. The church service in some mining 
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districts once included a prayer that God would preserve the miners 
and their work from kobalds and other evil spirits. The term was 
applied to what were called " false ores/* that is, ores which did not 
give metals when treated by the processes then in vogue for the 
extraction of the metals; and also to ores which had an objectionable 
smell. The term was gradually confined to the minerals used for 
colouring glass blue, and which are still used for making smalt. In 
1735 Brandt stated that the blue colouring principle is due to the 
presence of a peculiar metal or semi-metal which he called “ cobalt 
rex,’* hence our “ cobalt." Brandt isolated the metal in 1742. 

Occurrence 

Cobalt is nearly always found in association with nickel, chiefly 
as arsenides, e.g., in smaltite or cobalt spciss, CoAs 2 ; cobaltite or cobalt 
glance, CoAsS. The principal deposits occur near the town of Cobalt 
in the province of Ontario in Canada, along with nickel and silver ores, 
and in the Belgian Congo. 

Extraction 

Cobalt ores are principally worked in order to get cobalt salts and 
not the metal. The ore is first roasted in a small blast furnace to 
remove arsenic as trioxide, which is condensed and used as a source of 
that element (page 773). The remainder of the ore forms a “ speiss ” 
of crude cobalt, nickel, etc., which is heated with common salt and 
then extracted with water. The insoluble residue is worked up for 
silver and the aqueous solution contains iron, cobalt, nickel and copper 
chlorides. The iron is removed by precipitation with limestone, copper 
from the filtrate by means of sodium carbonate and, finally, the cobalt 
is obtained as the oxide Co 2 0 3 . 

Several methods are in use for separating cobalt and nickel; one of 
the most important being the Mond process for obtaining nickel by 
way of the carbonyl (page 873). Of other methods there may be men¬ 
tioned the use of bleaching powder. The mixed oxides are dissolved 
in hydrochloric acid and the resulting solution neutralized with chalk. 
The clear solution is treated with bleaching powder which precipitates 
cobaltic hydroxide practically uncontaminated by nickel: 

2CoCl* + 2Ca(OH) 2 + CaOCL + H 2 0 = 2Co(OH) 3 + 3CaCl t . 

If the metal itself be required, it can be obtained by reducing the 
oxide in a current of hydrogen; by the aluminothermic method, or by 
electrolysis cobalt ammonium sulphate solution. 

Properties 

Cobalt is a white, malleable and ductile metal rather harder than 
iron. It is feebly magnetic, and melts at 1480°. When in bulk it is not 
attacked by air at ordinary temperatures, and only reacts slowly with 
oxygen at a red heat. But in the finely divided state it is sometimes 
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pyrophoric. Dilute hydrochloric and sulphuric acids attack cobalt 
slowly and nitric acid dissolves it fairly readily. 


Uses 


Cobalt has been used in electro-plating and has been suggested for 
use as a coinage metal. As a constituent of alloys it is beginning to be 
used more extensively. Some of these, e.g., stellite (page 800). and 
high-speed tool steels (page 819) have been mentioned already; in 
addition, reference may be made to cochrome (( o bO, Cr 14-lb, re -4 - » 
per cent.) which is similar to nichrome (page S0(>) and is used for similar 
purposes. Alnico, an alloy containing also nickel, copper and aluminium 
(Ni 18, A1 10, Co 12*5, Cu 6, Fe 53-5 per cent.) has magnetic properties 
which make it outstanding for use in permanent magnets (e.g., or 


loud-speakers and magnetos). . , .. 

Cobalt oxides and silicates are used for colouring glass, and pottery 
glazes. Smalt, much used for these purposes, is a potassium cobalt 
alumino-silicate. Cobalt yellow is a pigment which is a potassium cobalt 
nitrite. Cobalt salts of organic acids are used as driers in the manu¬ 
facture of paints and varnishes. 


Atomic Weight 

The specific heat of cobalt (0103), and the position of the element 
in the Periodic System indicate a value for the atomic weight in the 
neighbourhood of 59. The most satisfactory method of determining 
an accurate value is by conversion of the chloride and bromide into 
the corresponding silver salts. As a result of the wor o 
his collaborators, the International Committee has recommended tlu 

value 58-94. 


§ 14 Oxides and Hydroxides ol Cobalt 

Cobalt forms four oxides, viz., 

Cobaltous oxide, CoO; 

Cobaltosic oxide, Co 3 0,; 

Cobaltic oxide, Co 2 0 3 ; 

Cobalt peroxide, CoO s . 

Cobaltosic oxide, Co :l O„ is obtained as a black powder by strongly 
heating cobalt nitrate: 

3 Co(NO,), = Co 3 0 4 + <1X0. + O, 

It reacts with hydrochloric acid, chlorine being liberated, and a 
solution of cobalt chloride is formed. 


Cobaltic Oxide, Co 2 0 3 

Cobaltic oxide is obtained 
in air. It is a dark grey or 


by heating cobaltous nitrate or carbonate 
brownish-black powder which forms an 
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oxide corresponding with cobaltosic, Co 3 0 4 , when heated to a point 
between the dissociation temperature 373° (760 mm.) and about 700°. 
Cobaltic hydroxide, Co(OH) 3 , is formed as a black precipitate when a 
cobaltous salt is treated with alkaline hypochlorite. Both the oxide 
and the hydroxide dissolve in acids, forming brown solutions which 
contain unstable cobaltic salts; these salts decompose when warmed, 
forming cobaltous salts and oxygen or its equivalent. Hence cobaltic 
oxide behaves as a feebly basic oxide and as a polyoxide like nickelic 
oxide and manganese dioxide. (Cf. page 828.) 

Cobaltous oxide, CoO, is obtained by heating cobaltous hydroxide, carbonate 
or nitrate to 1000° in absence of air. It is a dark-brown or olive-green powder, 
which is stable in air, but when heated to between 600 c and 700 3 , it absorbs oxygen 
and forms CO,0 4 . At still higher temperatures, CoO is re-formed. When heated in 
hydrogen or carbon monoxide, it is reduced to the metal. It reacts with acids 
forming cobaltous salts. 

Cobaltous hydroxide, Co(OH),, is obtained when alkali hydroxides are added 
to solutions of cobaltous salts. It exists in two forms: a blue form, which is 
converted into a rose-pink form on boiling the suspension of the blue form in the 
solution from which it was precipitated. Both forms turn brown on exposure 
to the air because of the absorption of oxygen 

Cobalt Peroxide, Cobalt Dioxide, CoO, 

When a solution of cobalt sulphate is treated with iodine and sodium hydroxide, 
a black precipitate results, believed to be cobalt dioxide 

If cobalt hydroxide be suspended in water and then treated with hydrogen 
peroxide, the resulting liquid, after filtration, is strongly acid and is believed to 
contain cobaltous acid. HXoO s ; a green unstable solution of potassium cobaltite, 
K,Co 0 3> is formed by the addition of potassium hydrogen carbonate to the 
solution of cobaltous acid 


§ 15 Salts of Cobalt 

In one sense cobalt gives rise to two series of salts derived respectively 
from cobaltous oxide and cobaltic oxide; but the latter are only stable 
in the form of complex compounds. The cobaltous salts are thus the 
ordinary salts of this element. 

Cobalt carbonate, CoC0 3 , is obtained as a bright red powder by 
addition of sodium bicarbonate solution, saturated with carbon 
dioxide, to a solution of a cobalt salt. If the reaction be carried out at 
a low temperature, CoC0 3 .6H,0, is formed; at a temperature of 140° 
the anhydrous salt results. 

Cobalt Chloride, CoCl 2 

The hydrated salt—C oC1 2 .6H 2 0—crystallizes from solutions of the 
oxide or carbonate in hydrochloric acid in ruby-red monoclinic crystals, 
easily soluble in water (100 grams of water dissolve 32 grams of 
anhydrous salt at lf> c ). The crystals at 100° form the monohydrate 
CoCL.HoO; and at about 120° the anhydrous chloride CoCL. The 
latter is deep blue but gives pink solutions when dissolved in cold 
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water. The solution also changes colour when heated, becoming blue 
at about 50°. It is now thought that the pink solutions contain various 
hydrated ions such as Co(H 2 0) 4 ”; but that the blue solutions contain 
complex ions like CoCl 4 " or [Co(H 2 0)C1 3 ]' (Bassett, 1930-34). 

CoCl 2 ^ Co” + 2C1', 

Co” + 6H 2 0 ^Co(H 2 0) 6 ”, 

Co(H 2 0) 6 ” 4- 3Cr ^(CoIH.OJCIJ' + 5H 2 0, 

Co(H 2 0 ) 6 ” -f 4Cr ^ CoCl 4 ” 4 - 0 H 2 O. 

Solutions of cobalt chloride have been used for sympathetic ink. 
The pink solution is not visible when used for writing, but becomes 
blue when the paper bearing it is warmed. On cooling in moist air, 
the blue colour fades again. 


Cobalt Nitrate, Co(N0 3 ) 2 

The anhydrous salt is made by the action of nitrogen pentoxide, or 
a solution of nitrogen pentoxide in nitric acid, on the hydrated salt. 
It is a slightly pink powder which decomposes on heating with evolution 

of nitrous fumes. . . . . 

Cobalt nitrate can be obtained in aqueous solution by dissolving the 
carbonate in dilute nitric acid. On evaporation, reddish crystals of the 


composition Co(NO 3 ) 2 .0H.,O arc obtained. 

Cobalt sulphide, CoS. is formed as a black precipitate on addition 
of ammonium sulphide to a solution of a cobalt salt or on passing 
hydrogen sulphide through a solution of a cobalt salt containing 
ammonia and ammonium chloride. It is amorphous in appearance 
when first precipitated, and soluble in acids; on heating, it becomes 
insoluble and crystalline in character. 

Cobalt sulphate, CoS0 4 .7H 2 0. is made by dissolving the monoxide 
or carbonate in dilute sulphuric acid. It crystallizes below 4 with 
7 molecules of water forming rose-coloured crystals isomorphous with 

FeS0,.7H,0 and NiS0 4 .7H 2 0. , MI , , cr , 

It readily forms a double salt with ammonium sulphate (NH 4 ) 2 S(J 4 
CoS0 4 .6H s O, analogous to ferrous ammonium sulphate. 

Simple cobaltic salts are unstable, but give rise to a number of 
stable complex compounds such as cobalt alums, cobalticyanidcs. 
cobaltinitrites, and cobaltamminos. The cobalt alums are isomorphous 
with other alums; an important one is ammonium cobalt alum, 
(NH 4 ) t S0 4 .Co a (S0 4 )..24H 2 0, which is bright blue. Both cobalto- and 
cobalticyanides are known, Analogous to the ferro- and ferricyamdes. 

The cobaltinitrites are of some importance in analysis. po .issium 
nitrite be added to a solution of a cobaltous salt, acidified with acetic 
acid, a bright yellow crystalline precipitate of potassium cobalti- 
nitrite, K 3 Co(NO 2 ) 0 .»H 2 O, is formed. Ilus substance is practically 
insoluble in water, whereas the corresponding sodium salt is soluble. 
Hence it is used as a reagent for testing (page 005 ) for the presence of 
Potassium. Also nickel salts give a similar but soluble nickel nitrite and 
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so the formation of the cobaltinitrite serves for the detection of cobalt 
in presence of nickel. 

CoCL -f 2KN0 2 = Co(N0 2 ) 2 + 2KC1, 

2Co(N t 0 2 >; -f 4HN0 2 = 2Co(NOo) 3 + 2H 2 0 + 2NO 
3KNO, 4* Co(N0 2 ) 3 = K 3 Co(N0 2 ) 6 . 

The probable formula for potassium cobaltinitrite is, 

K 3 [Co(N0 2 ) 6 ] 

since it does not give the reactions of nitrites. 

Cobaltammines are formed on addition of excess of ammonia to a 
solution of a cobalt salt; the mixture being then allowed to stand in 
contact with the air. They are discussed at the end of this chapter 
(page 885) along with other similar complex compounds. 

Cobalt Carbonyls 

Two cobalt carbonyls arc known. By the action ol carbon monoxide on 
cobalt at 30 atmospheres pressure and 150°, orange-red crystals of Co,(CO) 8 are 
formed. These melt at 51° and at 60° decompose into black CofCO),. 


§ 16 Detection and Determination of Cobalt 

Cobalt is easily recognized by the blue colour ol the borax bead 
which its compounds give when fused with borax on a platinum wire. 
In solution, the formation of potassium cobaltinitrite (described above) 
is a useful method of detection and of separation from nickel. 

Cobalt is commonly determined by addition of potassium hypo- 
bromite solution to the solution of the cobalt salt whereby an indefinite 
mixture of hydroxides results. This is washed, dried and ignited, 
giving a mixture of oxides, which are reduced to the metal in a current 
of hydrogen. II nickel be present, it is separated first by the cyanide 
process (page 877). Cobalt can be both detected and determined in 
presence of nickel by means of a solution of a-nitroso-£-naphthol in 
dilute acetic acid, which forms a dark red precipitate. 


§ 17 Nickel, Ni 

History 

Nickel seems to have been known to the Chinese in early times. 
In Europe, towards the end of the seventeenth century, the German 
term ku/>fcr nickel (false-copper) was applied to an ore which, while 
possessing the general appearance of a copper ore, vet gave no copper 
when treated by the general process then used for the extraction of 
copper. Nevertheless, the mineral was supposed to be an ore of 
copper, or a species of cobalt or arsenic united with copper. A. F 
Cronstedt, 1751-54, stated that kupfer-nickel contains a metal which 
gives a brown, not a blue, colour with glass. Cronstedt’s views were 
not accepted generally until T. Bergman had shown clearly that 
Cronstedt's metal was a new element in an impure condition. Bergman’s 
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arguments were mainly directed to controvert the view that nickel is 
a compound of cobalt, iron, arsenic, and copper, advocated by le Sage. 
He showed that nickel retains its individuality when arsenic is absent 
and when no signs of cobalt or copper can be detected in solutions of 
the metal. Bergman also tried unsuccessfully to make nickel syntheti¬ 
cally from mixtures of the elements in question. 

Occurrence 

Cobalt and nickel are nearly always found associated with one 
another; both occur free in some meteorites. Nickel occurs as 
knpfer nickel or nicollitc. NiAs; millerite, or nickel blende, NiS; nickel 
glance, NiAsS; and garnierite, a silicate of magnesium and nickel 
(NiMg)H 2 Si0 4 , found in New Caledonia. The most important ores 
come from Sudbury in Ontario. 


Extraction 

The Sudbury ores contain chalcopyritc and other copper and iron 
minerals, as well as nickel; often these are embedded in other rocky 
materials. Preliminary concentration of the nickel ore is effected by 
flotation, and it is then roasted to remove some of the sulphur. I he 
roasted ore is then smelted with quartz, coke and limestone tn a small 
blast furnace, when an impure mixture of nickel and copper sulphides 
and some iron remains. The product is then ' blown in a Bessemer 
type converter with a basic lining, to oxidize away the iron and most 
of the sulphur. There thus results a matte of nickel and copper, which 
can be used as it is for the manufacture of some alloys (e.g. monel 
metal). To separate the copper the matte is melted with a mixture of 
sodium bisulphate (nitre cake) and coke in a vertical furnace (or cupola). 
Reduction of the sulphate to sulphide occurs and this dissolves cuprous 
sulphide in preference to nickel sulphide so that when the melt is run 
out and allowed to solidify two layers are formed. 1 he up|>er one con¬ 
tains almost all the copper and a little nickel; the lower contains very 
little copper and the bulk of the nickel. I lie upper layer is returned 
to the cupola while the lower is first roasted to give the oxide which 
is then reduced to the crude metal for refilling. (1 his is known as the 

Orford process.) . . 

Two methods of refining arc in use. viz., the electrolytic (or Canadian) 

process and the Mond (or Carbonyl) process. hor the former process 
reduction of the crude oxide is effected by means of coal and the crude 
metal is melted and cast into anodes. The electrolyte used is nickel 
ammonium sulphate as in electroplating. In the Mond process the crude 
oxide is reduced by means of water gas at 300°, after which carbon 
monoxide is passed over the mixture of metals at 50-80 . I he nickel 
forms nickel carbonyl, Ni(CO),. which is volatile and is conveyed 
along with excess carbon monoxide, to towers containing pellets of 
pure nickel at 180". The carbonyl is decomposed into almost pure 
nickel, and carbon monoxide which is used again. 
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Properties 

Nickel is a moderately hard, white metal, which melts at 1455°, 
and is magnetic. It is stable in air at ordinary temperatures, and 
burns in oxygen forming nickelous oxide NiO. It is not affected by 
water, but decomposes steam at a red heat; it is only slowly acted upon 
by dilute hydrochloric and sulphuric acids; but nitric acid attacks 
nickel readily, forming nickel nitrate. 

Alloys and Uses 

Nickel is much used for " nickel plating " other metals on account 
of its silvery appearance, and the fact that it does not readily tarnish 
in air. The nickel is deposited from a double sulphate of ammonium 
and nickel by a process similar to that used for “ silver or gold plating." 
Nickel is used in making several important alloys, being probably the 
most versatile metal for this purpose. Nickel steel, containing 2 to 
5 per cent, of nickel, is used for case-hardening (page 854), and nickel- 
chrome steels with 1-5 to 3 per cent, of nickel and 0-5 to 1*2 per 
cent, of chromium arc exceedingly tough and shock-resisting and 
are used for the crankshafts of internal combustion engines, gears 
and similar purposes. With higher percentages of nickel and chromium 
(6 to 12 per cent, of nickel; 16 to IS per cent, of chromium) stainless 
steels result; with higher percentages still of alloying metals heat- 
resisting alloys are formed. (Compare nichrome, page 806). Invar, 
an alloy of nickel and iron containing 35 per cent, of nickel, has a 
coefficient of expansion of almost zero; permalloy (21-5 per cent, of 
nickel and 78*5 per cent, of iron) has unusual magnetic properties 
(low hysteresis and high permeability in weak fields) which make it 
important for high-speed telephony and telegraphy. Platinite is an 
alloy of 60 per cent, of iron with 40 per cent, of nickel which expands 
at the same rate as glass and so is used in the manufacture of electric 
lamps. 

When nickel is added to brass a series of nickel-silvers results which 
are used as the basis (untarnishablc) for plated silverware. An alloy 
of 70 per cent, of nickel and 30 per cent, of copper is known as Monel 
metal. It is very resistant to corrosion and is used in chemical industry 
and for domestic purposes. Cupronickel (copper 75 per cent., nickel 
25 per cent.) is now the standard alloy for British (so-called) silver 
coinage. Manganin is an alloy of nickel with copper and manganese 
which is used for electrical resistance coils since its specific resistance 
is high and the temperature coefficient of resistance very low. 

Finely divided nickel is used as a catalyst in many hydrogenation 
reactions; for example in the " hardening " of vegetable and other oils 
for the manufacture of margarine. 

Atomic Weight 

The atomic weight of nickel has been determined in a manner 
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similar to that of cobalt. The International Committee recommends 
at present, the value 58-69. based on the work of Richards and of 
Baxter and their collaborators. 

§ 18 Oxides and Hydroxides of Nickel 

A number of oxides of nickel has been reported, but only two seem 
to be unquestioned, viz., 

Nickelous oxide, NiO; 

Nickel dioxide, Ni0 2 . 

In addition to these, a sesquioxide, Ni 2 0 3 , nickelosic oxide, Ni 3 0 4 . and 

a peroxide, Ni0 4 , have been reported. 

Nickelous oxide, NiO, is obtained as a greenish powder when the 

hydroxide or carbonate is heated out of contact ^ct^wifh acids 
heating, it is said to form the sesquioxide, and it reacts with acids 

forming nickelous salts. 

Nickelous hydroxide, Ni(OH) 2 

When potassium hydroxide is added to a solution of a nickel salt 
a pale green precipitate of nickelous hydroxide separates. Unlike 
ferTous and cobaltous hydroxides, this precipitate does not ^d.ze on 
exposure to the air. It dissolves in ammonia and ammonium salts. 
Eng ammines, and unlike the corresponding; cobalt^ soll»gm 
not absorb oxygen from the air. It reacts with acids forming nickelous 

salts. 

Nickel Dioxide, NiO, .. _ havc bccn reported—a black dioxide 

Two probably isomeric nickel Aiox d; ‘ *. s or hy pobromite 3 on nickelous 

is made:by the action of brom. ni. or !>>P 11 , ydro , H . roxldc on nickelous 
hydrox'de; and a green one b> the act* n Y al< * ho| | c potash The s reen 

chloride in the cold, followed b> trt.itn „.nncal nroocrtics and is 

oxide is remarkably like hydrogen f^roxido J ^ sugKcstc d that the green 

different from the Mackioxric.. He , l bivalent: and the black oxide is 
oxide is a peroxide or super oxiac 

a dioxide or polyoxide, nickel quadrivalent , ctr ic lurnace a dark 

If nickel oxide be heated with I bamm* car »«> . t .; N|0 ls formed Murium 
coloured crystalline mass of barium nickelit . t 

nickclitc is decomposed by water. 

Nickelic oxide, Ni 2 O a . is said to be formed as » 
nickelous oxide is heated in air, and when the n r.tc carb nat c 
ignited in air at a low temperature, but it is thought to be actually a 

mixture of Ni0 2 and NiO. 

Nickelic hydroxide, Ni(OH) a , is precipitated when chlorine is passed 
through water or alkali hydroxide solution hi winch mckelou* ox.de is 
suspended or when a nickel salt is treated with a solution ol bleaching 
powder The oxide (if it exists) and hydroxide do not appear to be 
basic, for when treated with acids nickelous salts and oxygen result. 
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Nickelosic oxide, Ni 3 0 4 , is reported to be formed when moist oxygen is passed 
over nickel chloride at 400°. There are doubts about its existence: it is thought 
by some to be a mixture of NiO and NiO r 


§ 19 Salts of Nickel 

Nickel forms only one stable series of salts, although, as with cobalt, 
some complex nickelic derivatives are known. 

Nickel carbonate, NiC0 3 , is obtained in green crystals by adding 
nickel sulphate to a solution of sodium bicarbonate saturated with 
carbon dioxide. The addition of sodium carbonate to solutions of 
nickel salts precipitates basic nickel carbonates. 

Nickel chloride, NiCl 2 , is obtained in solution by the action of 
dilute hydrochloric acid on the oxide or carbonate. It crystallizes 
from this solution in green crystals of the composition, NiCl 2 .6H 2 0, 
which effloresce slightly in air. On heating, the anhydrous salt can be 
obtained; it is also formed by the action of chlorine on finely divided 
nickel. It is a golden yellow solid, which combines with ammonia. 

Nickel Nitrate, Ni(N0 3 )., 

Nickel dissolves readily in dilute nitric acid, and on evaporation, the 
solution deposits green monoclinic crystals of the composition 
Ni(N0 3 ) 2 .6H 2 0. These are very soluble in water. On heating, some 
of the water of crystallization is driven off, but the nitrate decomposes 
before it has become anhydrous, yielding nickelous oxide, nitrogen 
peroxide and oxygen: 

2Ni(N0 3 ) 2 = 2NiO + 4N0 2 + 0 2 . 

Nickel sulphide, NiS, is formed as a black precipitate when ammonium 
sulphide is added to a solution of a nickel salt, or by passing hydrogen 
sulphide through a nickel salt solution containing also ammonia and 
ammonium chloride. As thus precipitated, it is soluble in acids, but on 
standing, or on boiling, it is quickly converted into a form which is 
insoluble in acids. It thus resembles cobalt sulphide in that neither 
sulphide is precipitated by hydrogen sulphide in acid solution; yet, as 
obtained by precipitation in alkaline solution, it is insoluble in acids, 
after quite a short time. It is supposed to exist in three forms (Thiel 
and Gessner, 1014). 

Nickel sulphate, NiS0,.7H.,0 

By adding nickelous oxide or carbonate to dilute sulphuric acid and 
evaporating the resulting solution, green crystals of nickel sulphate 
heptahydrate separate, which are isomorphous with the corresponding 
hydrates of ferrous sulphate, magnesium sulphate, etc. It is the best 
known of the nickel salts, and is readily soluble in water. It combines 
with ammonia gas forming an unstable, dark blue compound analogous 
to the corresponding compound of copper sulphate. It also forms a 
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stable double compound with ammonium sulphate, nickel ammonium 
sulphate, (NH 4 ) 2 S0 4 .NiS0 4 .6H 2 0, analogous to ferrous ammonium 
sulphate, which is used extensively in nickel-plating. 

Nickel carbonyl, Ni(CO) 4 , is a colourless liquid, obtained by passing 
irhnn monoxide over reduced nickel at 50°-80 . It boils at 43 , anc 


on heating decomposes into nickel and carbon monoxide, 
industrially for the purification of nickel by the Mond proces: 


It is used 
process (page 873). 


§ 20 Detection and Determination of Nickel 

Nickel salts give green solutions, black sulphide precipitates with 
hydrogen sulphide in alkaline solution, and with ammonium hydroxide 
a pale green precipitate, soluble in excess to give a blue solution 
When cobalt is also present, the nickel may be detected by adding 
excess of potassium cyanide to the solution until the precipitates first 
formed re-dissolve, owing to the formation of cobalto- and mckclo- 
cyanides. On boiling the solution, the cobaltocyan.de is oxidized to 
the cobalticyanide, and if sodium hypochlorite or hypobronnte solu¬ 
tion be now added, hydrated nickel dioxide is obtained as a black 

precipitate, while the cobalt remains in solution. . 

Alternatively, dimethyl glyoxime (which is also used for the quanti¬ 
tative determination of nickel) may be employed. > ' 

alkaline solution this reagent precipitates nickel quantiitat \el> a a 
scarlet solid, but does not precipitate cobalt. I his affor Is.a v.iry 
delicate test for nickel and for the estimation, the precipitate can be 
dried at 110° and weighed as such—Ni(C 4 H 7 0,N,) t or ignited am 
weighed as the oxide, NiO. 

§ 21 The Platinum Metals 

The “ platinum metals ” are the two heaviest triads of the egjth 

group, and thus include ruthenium, Ku. rhodium. l 

Pd; and osmium. Os; iridium. Ir; and platinum. Pt .self Ihc> 

occur together and have many properties ... common (see below). 

History , . 

There is supposed to be a reference to platinum in‘ 

History under the name " alula.” I he term p'aUna Jcl « ' 

a white metal resembling silver, has been for a long diminutive 

by the Spaniards in South America ..u '■ re to !he 

form of the Spanish plaia. silver, and 1 11 *, (roln South 

river where it was discovered. At one umc * \ r ,\ n 

America was forbidden by the Spanish Government. ^ «r«h d d to 
be thrown into the sea to prevent its being used for . dulUratinggo d. 
In 1788. the Spanish Government bought it f " r ‘ ! ELk” 
presumably for adulterating gold. It was brought o . | 
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C. Wood, and W. Brownrigg and R. Watson described its properties in 
1750. The platina del Pinto of Choca (Colombia) attracted the atten¬ 
tion of Antonio de Ulloa in 1748; J. J. Scaliger of Leyden, 1558, also 
referred to an infusible metal which has been taken to have been 
platinum. The metal attracted much attention at the time. Before 
1823, most of the platinum in commerce came from South America. 
Platinum was discovered in the Urals in 1819, and in 1824 Russia began 
exporting platinum; since that time and until the Russian revolution 
most of the platinum of commerce came from that source. Now a large 
proportion of the world production comes from Canada (Sudbury). 

Osmium and iridium were discovered by S. Tennant, 1802 to 1803; 
rhodium and palladium by W. H. Wollaston, 1803 to 1804; and 
ruthenium by K. Claus in 1845. All these metals were found during 
the study of native platinum. “ Osmium ” is named from the Greek 
007x77 (oswc), a smell; " iridium ” is named from the Greek tpi? (ins), 
a rainbow, from the varying tint of its salts; “ rhodium " is named 
from the Greek pobov (r/todon), a rose, from the rose-red colour of its 
salts; “ palladium ” is named after the planet Pallas, which was dis¬ 
covered in the same year, 1802, as palladium was announced by 
Wollaston; “ ruthenium ” is named after ruthen, for Russia. 

Occurrence 

Platinum and the platinum metals occur native in three groups of 
mountain ranges, viz., those which run from Alaska to Peru; the 
Urals, Abyssinia and Rhodesia; and in East Australia, the East Indies 
and Japan. Relatively large quantities are found associated with the 
nickel ores at Sudbury (Ontario.) 

In 1919 the total world production of platinum was 6} tons; in 
1939 it was about 12} tons, of which over 40 per cent, came from 
Sudbury. Before the Russian revolution practically all the platinum of 
commerce came from the Ural mountains (95 per cent.), and when this 
source dried up (so far as the rest of the world was concerned) the price 
of platinum rose to 770s. per ounce. In 1924 production from the Sud¬ 
bury ores began, and by 1931 the price was down to 97s. per ounce. 
It is now (1950) about 500s. 

The world’s production of iridium amounts to about o000 oz. 
I*he platiniferous sands and grayels are washed as in the case of 
alluvial gold. “ Platinum concentrates ” consist of more or less 
rounded grains which sometimes show signs of cubic crystallization, 
tlattened'scales, and small nuggets containing approximately the 
following percentage composition: 

Platinum. Iridium. Rhodium. Palladium. Gold. Copper. Iron. Osmiridium. Sand. 

70-4 4-3 0-3 1*4 0-4 4 1 11-7 0-5 1*4 

The platinum content may vary from 50 to 86 per cent., nuggets weighing 
up to 20 lb. have been found on rare occasions. When the native 
metal contains a preponderating proportion of iridium (say up to 75 
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per cent.), it is called platiniridium. This variety is rare; it is white 
and harder and denser than platinum. Iridosmium, or osmiridium is 
a native metallic alloy containing approximately: 

Platinum. Iridium. Rhodium. Osmium. Ruthenium. 

10 1 52-5 1-5 27-2 o-9 

with traces of palladium, copper, and iron. 

Extraction of the Metals 

The gold can be removed from the platinum concentrates by the 
amalgamation process. About 18(50. the platinum, contaminated more 
or less with other metals, was extracted by a smelting process; to-dav, 
a wet process is used. Details of the process are a trade secret 
In a general way it may be said that the concentrates are digested with 
dilute aqua regia under pressure. The insoluble residue contains sand 
(gangue) and osmiridium. Osmium and ruthenium form volatile 
oxygen compounds which can be easily removed from the solution b> 
distillation. The solution of crude platinum in aqua regia is evaporated 
to dryness and heated to 125“; the residue is then dissolved in water 
acidified with hydrochloric acid ; and treated with ammonium chlonde 
when a precipitate containing platinum and indium compounds s 
obtained from which the metals are obtained by ignition Aqua regia 
dissolves the residual platinum, not indium I hi plati 
obtained by precipitation as before. Hie mother u l l ‘ u . s . ■ 

for palladium and rhodium. The further separation of the platinum 

metals from one another is a difficult and laborious I • 
the properties of the metals are so much alike; and becausethe 
behaviour of the salts of one element is modilu. > I .• 

others. Thus, iridium does not dissolve m aqu*i reg i . . *. 

be alloyed with platinum, some iridium passes in o s 
alloy is digested in aqua regia. 


§ 22 Properties and Uses of the Platinum Metals 

The metals are greyish-white and lustrous. They all melt 

temperature. They are not acted upon by ,lir ° H * . ‘ . 

temperatures. Osmium alone burns when b ron {? \ h. inicTllv 
forming the tetroxide 0s0 4 ; the others are scarcely af ect^i clu j 

at any temperature. Palladium readilydissu\ts . metals are 
and verv SDarinclv in hydrochloric acid, but th ‘ ! 

scarcely^iffectc'd by hot acids. Aqua regia attacks osmium forming 
osmium tetroxide, OsO,; and it dissolves platinum forming. tl*- * tr. 
chloride, PtCl 4 ; ruthenium is slowly dissolved wlnli »' u "? and 
rhodium are not appreciably attacked, unless m < . k 

condition. The native platinum alloy stubbornly resists. attack; by 
chemical reagents-even aqua regia. he metals are r »<h y riducid 
from their compounds, which fact probably accounts for their occur 
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rence free in nature. The metals fall naturally into two groups with 
nearly equal atomic weights. The light platinum metals include 
ruthenium, rhodium, and palladium; the heavy platinum metals 
include osmium, iridium, and platinum. Palladium is related to 
silver, and platinum to gold, as indicated in Table LXVIII. Unlike 
the other platinum metals, osmium vaporizes without melting. 


Table LXVIII.— Properties of the Platinum Metals 




Light 



Heavy 



Ru 

Rh 

Pd 

Ag 

Os 

Ir 

Pt 

Au 

Atomic weight 

101-7 

102-91 

106-7 

107-88 

190-2 

193-1 

195-23 

197-2 

Specific gravitv 

12-23 

12-41 

12 

10-5 

22-48 

22-4 

21-45 

19-3 

Atomic volume 

8*3 

8-3 

8-9 

10-2 

8-5 

8-6 

9-1 

10*2 

Melting point 

2430 

1000° 

1555° 

9G1* 

2500° 

2434° 

1773-5 

1063 

Boiling point 

2700 

2500° 

2340° 

2950* 

>5300* 

4800" 

4300* 

2601» 

Valency 

2.3.4, 

0.7.8 

2, 3, 4 

2. 4 

1.2.3 

2. 3. 4. 8 

1.2. 3, 4.6 

2. 3.4 

1.3 


Platinum is a greyish-white metal with a brilliant lustre. It is 
harder than copper, silver or gold. It is ductile and malleable, and 
usually comes on the market in the form of foil or wire. Platinum 
has also the valuable quality that it softens like iron before melting, 
so that like iron it can be welded. Platinum melts at 1773-5°, and boils 
at about 4300°. Platinum and rhodium do not volatilize appreciably 
at 1)00°, but at 1300' volatilization can be detected. Appreciable 
quantities of the metals palladium, iridium, and ruthenium volatilize 
at 000“, and at 1300° the effect is very marked. Iridium is readily 
oxidized to a volatile sesquioxide when heated just below 1000°; but 
it is doubtful if platinum is oxidized below 1300°. Molten platinum, 
rhodium and ruthenium, like molten silver, absorb oxygen which is 
given off as the molten metal cools, hence it is liable to “ spitting. 
Platinum is not attacked by pure hydrofluoric, hydrochloric, nitric 
and sulphuric acids. It is readily dissolved by aqua regia and by solu¬ 
tions containing chlorine: cf. gold. When platinum is alloyed with 
silver, copper, lead. zinc. etc., it is attacked and partly dissolved by 
nitric acid, probably forming a platinum nitrate. 

The high fusing temperature, and the fact that platinum is not 
attacked bv air and strong acids enables it to be used in the manufac¬ 
ture of apparatus—dishes, crucibles, stills, etc.—for many chemical 
operations which could not be readily performed with apparatus made 
from other available metals. The analysis of many minerals could not 
he so readily conducted as at present if it were not for the valuable 
qualities of platinum. 

Platinum is attacked by alkalis, nitrates, cyanides, and phosphates 
under reducing conditions. With phosphorus it forms platinum 
phosphide; with sulphur, platinum sulphide, PtS; with sulphur and 
dry alkali platinum disulphide, PtS 2 ; with arsenic, platinum arsenide, 





















35] 


IRON, COBALT, NICKEL AND THE PLATINUM METALS 


881 


Pt,As a . An arsenide called sperrylite, PtAs 2 . associated with nickel 
sulphide occurs at Sudbury (Ontario). Platinum also alloys directly 
with metals like lead, silver, zinc, etc., but not mercury. Hence 
platinum crucibles must not be heated with these metals. Carbon 
alloys with platinum forming a brittle platinum carbide, and hence 
platinum crucibles must not be heated in a smoky flame. 

1 Platinum has nearly the same coefficient of expansion as glass, and 
platinum wires can be fused in glass so as to make gas-tight joints. 
Platinum is also a good conductor of electricity, and large quantities 
were formerly used in electric light bulbs, short pieces of platinum w ire 
being fused into the glass at the base of the bulb, and connected with 
the filament inside. Manganin. or copjier coated with boron tnoxide 
or kovar (an alloy of iron, cobalt, nickel and manganese) are now used 
instead. Platinum is used in jewellery, m making scientific and surgical 
instruments, as a catalyst (cf. pages 417 and 408) and for contacts 

Pladinum-indiurn alloys arc hard and elastic ; malleable and ductile; 
and less fusible than platinum. If more than 20 per cent, of lrl > l| im be 
present, the alloys are exceedingly difficult to work An alloy of 10 per 
cent, iridium and til) per cent, platinum was chosen by the International 
Committee on Weights and Measures for preserving the standards 
of length and weight. Platinum-iridium wire with platinum wire is 
used as a thermocouple for temperatures up to 1000 . and platinum- 
rhodium wires are used with platinum in a similar way Jur ‘emperatur s 
up to 1400°. Commercial platinum has 2 per cent, of .ridiuni, an i 
appears to lose this constituent gradually when heated to a high 
temperature. The result is that platinum crucibles made from com¬ 
mercial jilatinum lose in weight every time they are heated for some 
time in the gas blowpipe. This is a source of annoyance. Hie high 
fusing temperature of osmium led to its use for a short time usually 

in the form of an alloy with tungsten) for the ‘"‘a 

for incandescent electric lamps, but. on account of the scarcity and 
high cost of osmium it was soon given up and tungsten is now always 
used by itself. Iridium is very hard and so is used for tipping gold mbs 
It has advantages over platinum for use ... crucibles since it docs not 
suffer attack when heated with carbon, phosphorus or aqua regia. I he 
standard metre in Paris is made of an alloy of !H> per cent, of platinum 
and 10 per cent, of iridium. Palladium is used for absorbing hydrogen 
and for the detection of carbon monoxide (page 874). Osmium tetroxide 
is used for staining and hardening organic tissues in "stology. 

Rhodium is the most expensive of all metals used as such In he 
form of an alloy with platinum it is used for apparatus and for the 
heating wire of laboratory electric furnaces. One of its most recent 
uses is for plating on silverware since a layer 0 00002 inch thick is 
amply sufficient to prevent tarnishing completely and its reflectivity 
is the highest of all metals. Ruthenium is used for alloying with plati¬ 
num for use in thermocouples and with platinum or palladium lor use 
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in jewellery- Palladium is also extremely malleable and is used in the 
form of palladium-leaf (cf. gold-leaf) for protection against corrosion 

an \Vhen platinum is precipitated from solutions of the tetrachloride by 
reducing agents, a velvet black powder called platinum.black is 
obtained; when ammonium chloroplatmate is calcined, the metal 
remains behind as a spongy mass called spongy pktinum , and if 
asbestos be soaked in a solution of platinum chlonde and ignited, the 
asbestos permeated with platinum is called platinized asbestos. 
Platinum sponge, platinum black, and platinized asbestos adsorb large 
quantities of oxygen gas, and they can then be used as oxKhzmg 
agents. Platinum black can adsorb 100 times its volume of ox> gen 
and 110 times its volume of hydrogen. Palladium black adsorbs 
about 000 times its volume of hydrogen. This property of occluding 
eases is shown in a less marked degree by iron, nickel and cobalt, as 
well as by copper, gold and silver. Spongy- platinum will cause a 
mixture of hydrogen and oxygen to unite with explosion, spongy 
palladium without explosion. A jet of hydrogen directed on to finely 
divided platinum will cause the platinum to glow and finally ignite the 
jet of gas. Alcohol dropped on to iridium black takes fire. Similarly 
coal gas can be ignited by spongy platinum, and this property was 
utilized in making the so-called " self-lighting Bunsen burners. The 
catalytic properties of platinum metals are used in some industries tor 
promoting chemical changes, e.g., the oxidation of ammonia for t e 
, manufacture of nitric acid. 


§ 23 Oxides and Hydroxides of the Platinum Metals 

When a solution of potassium chloroplatinitc or of platinous chloride is treated 
with an alkaline hydroxide, platinous hydroxide. Pt(OH) t . is Palpitateda* 
a black powder. It is soluble in the haloid acids—hydrochlonc and hydrobromic 
acids—and in sulphurous acid, but not in the other oxy-acids and thus forms 
the corresponding platinous salts. The hydroxide is decomposed into the metal 
and platinum dioxide, PtO t . by boiling alkaline hydroxides: 

2Pt(OH), = PtO a 4- Pt + 2H,0. 

When gentlv ignited, platinous hydroxide forms the corresponding platinous 
oxide, PtO. as a dark powder insoluble in water and in most acids. It is doubtful 
if IrO has been made Palladium black warmed in air furnishes a dark bluish- 
green palladous oxide, PdO. which decomposes into the metal and oxygen at a 

higher temperature. .... ... i 

When a boiling solution of potassium hydroxide is added to a solution of 

platinum tetrachloride, and the precipitated platmic hydroxide. PtlOH),. is 
washed with acetic acid to remove the potash, a yellowish powder is obtained 
which dissolves in acids, forming platinic salts, and in bases forming a senes ot 
salts called the platinates. For instance, with sodium hydroxide, yellow crystals 
of sodium platinatc. Na t O.3PtO,.0H,O. are obtained. Hence platinic hydroxide 
is an acidic and a basic compound. Platinic hydroxide. Pt(OH) 4 . is a type oi 
similar compounds formed bv the whole six of the platinum metals. I he 
hydroxides when heated form dark grey powders of the dioxide—e.g., 1 tu*. 
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Ruthenium, osmium, iridium, and rhodium lorm sesquioxides : Ru,0,; 
Os.O«; Ir.O.; Rh.O,. Ruthenium and osmium form compound^ c°rre s ponding 
with the trioxides. RuO, and OsO,. A more or less 

Thus, potassium ruthenate. K,Ru0 4 ; and potassium P«"uthcnate. KRuO*. caU 
to mind potassium manganate and permanganate. Ruthenium and osmium 
also form Utxoxidcs of the" type I<u0 4 and OsQ 4 respective y l hese comp™"* 
reDrescnt the hichest known state of oxidation of any single metal. The nearest 
SS to Krof oxidation occurs with pcrchlonc 

acids. The tetroxides dissolve in water but thcsolut.onsaenot aad. (l hey 

^yTecor^VS and oxygem **£££ 

are reduced *by organic matters and the finely ^.ded -net^ .s pr^.pdated. 
a 1 per cent, solution .s therefore used in microscopy for was lessened 

The doubt whether, say. osmium is really octovalcnt inthe 

when osmium octofiuoridc, Osl',. was obtained ' ‘ o lmum passant, 

theory for OsF, be.ng 343-by the action of »«« « ' hexafluoride 

it may be added that when the 

OsF„ are formed at the same time. The te ■ * w , |( . n „ lc . act i on occurs 

action occurs at about 100 . and the other U 1 , ' .,j ow crystals, melting 

at about 250°. The octofiuoridc is separated in icin i > > 

•at 34*5°, by cooling the product in vacuo in liquid air. 


§24 Other Compounds of the Platinum Metals 
Platinum Tetrachloride, PtCl 4 

Platinum dissolves in aqua regia. If the £ dueecntly 

platinic acid, H 2 PtCI 6 , be evaporated to 

heated, a solution of the residue in hot wa c P , |> t Q 

crystals of PtCl 4 . 5 H 2 0 on cooling. 1 he anhydrous 

be made bydiving the crystal o^^lPj^h^iatinic acfd in a 
in a current of chlorine; or by ntaiing n>ui i 

current of hydrogen chloride between <>.> am - • . t ; n ; c acid 

If a stream of chlorine be passed over hydroc to d m «=* 

between 364“ and 374“, the tetrachloride ; ) 4 j! 

440° what appears to be the trichloride 1 tCl,. ra _ 
dichloride appears and it has becr^repor ed * • ^ tollflrnlation . 

E" SOm ® 1 Irf Ira ml IrCl have been reported to be 

Indium chlorides IrCl 4 , IrU 3 , lrci 2 . an Q 773 * 

formed under similar circumstances respee i\j * • ; 

and 798°. Chlorides of all six platinum metals 
known. Palladium tetrachloride is not known in a ' 

double chlorides with potassium, etc., arc known. 

Chloroplatinates . . .... - 

If platinum chloride be crystallized from a t r*,’. 1 4 «AV!il beevaporated 
hydrochloric acid, or if an aqua regia solution o * \ • u 

a number of times with an excess of hydrochloric acid to drive oil 
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the nitric acid, reddish-brown deliquescent crystals of the complex 
acid H 2 PtCl 6 .6H 2 0 are formed. This substance-the platinum 
chloride ” of commerce—is really hydrochloroplatimc acid. The acid 
is dibasic, and it forms a characteristic senes of complex salts—the 
chloroplatinates. Potassium chloroplatinate, K 2 I tCl 6 , for example, 
is a yellow crystalline precipitate made by adding the acid to a solution 
of potassium chloride. While the solubilities of the normal alkali 
chlorides in water increase in passing from lithium to caesium, the 
chloroplatinates decrease in solubility in passing from lithium to 
caesium. For instance. 100 c.c. of water at 10 3 dissolves, in grams: 

Li # PtCl, Na.PtCl* K 2 PtCl, Cs * Rt 5 l * 

Very soluble 1*15 0*90 0*lo 0*0o 

The solubility ot ammonium chloroplatinate, (NH 4 ) 2 PtCl 6 , is 0-6 
at 10 3 and it thus comes between potassium and rubidium chloro¬ 
platinates. The fact that the sodium salt is fairly soluble in 80 per 
cent, alcohol, while the potassium salt is almost insoluble, enables a 
mixture of the chloroplatinates of sodium and potassium to be separated. 
The ammonium salt behaves like the potassium salt During the 
electrolysis of ordinary salts—silver nitrate, potassium chlonde, etc. 
the metal is deposited on the cathode; with the chloroplatinates, some 
of the platinum migrates as a PtCl c "-ion to the anode compartment. 
Again, silver nitrate precipitates Ag 2 PtCl 6 , not AgCl, thus confirming 
the deduction that " PtCl 6 ” is a bivalent complex acid radical or that 
the solution of the acid furnishes the ions 2H and 1 tCl 6 on electrolysis. 
The constitution of the chloroplatinates will be discussed later. 

Platinum Dichloritle, PtCI, 

If hvtlrochloropl.itinic acid be heated between 250'and 300 s . it furnishes a gre> 
granular powder of platinum dichloride. PtC!„ insoluble in water; at Jiigh 
temperatures, it decomposes into platinum and chlonne. 1 latinum dicldonde 
is also formed when platinum is heated to about a8- in chlorine gas. • 

metals of the platinum series form salts of the type 1 tCl, Uihydratcd p 
dichloritle, PdCL 211,0 is obtained by the simultaneous action Malone 
acid and chlorine, or a little nitric acid, upon palladium. The “ lut '°" 
brownish-red crvslals of the dihvdrate on evaporation under r *«d P c * 
The anhydrous s ill is formed if the crystals are warmed; and also by the actoon 
of chlorine on the warm sulphide. The garnet-red crystals of the anhylrous salt 
decompose at a retl-heat. forming wh.,1 has been reported as monochlonde. 
PdCI. but tins is not certain Palladous iodide, Pdl„ is precipitated as a black 
insoluble powder when potassium iodide is added to solutions of pal'adous 
chloriiU This reaction is used sometimes for the separation of iodine fromi th 
other halogens, since the other halogen salts oi palladium are soluble It is 
dime,ill to precipitate the palladium quantitatively, because the iodide is veo 
soluble the presence of an excess of potassium iodide. Carbon monoxide 
unites with platinous chloride forming carbonyl platinous chlorides, CO. I "tCl,. 
iVO.rtCl,; 3CO.IHCL; carbon monoxide also reduces a solution of the chion 
even in the cold. 

Chloroplatinitcs 

When platinum dichloride is digested with hydrochloric acid, it furnishes a 
reddish-brown solution which is supposed to contain hydrochloroplatinous acia, 
H,l‘tCI 4 . The acid has not been isolated, but the salts— chloroplatinitcs 
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forms a similar series of chloropalladites. 


Potassium 
formed by 
Potassium 
chloride is 
Palladium 


Platinum-ammonia Compounds 

The platinum metals behave ihydrochloric 

ammonia is added to a solution of I * fixture be boiled, a green insoluble 

acid, a green precipitate is formed. H_ the mixu.rc sal| formcd and 

compound. PtCl f; 4NH, f H,0. ca t ? pitatc u- heated to 250 . a yellow 
PtCl t .2NH, remains in solution A the P r ^»pi ^ fornR . d p tC | t .2NH r Both 
crystalline substance sparing!).so » I>tC , »\n These two compounds 

Z suipbide »vhcn 

solution. Platinum salts also give ayellow^crjstaume pri. 1^ ^ ^ and tl)c 

or potassium chloride. Most platinii products of decomposition. The 

metal is obtained on waainns away » >'*’’^‘h tte mineral acids, 'although it is 

metal itself is not affected b> trcati solution are reduced by reducing 

dissolved by aqua regia. Most platinum salts in solution nuuc > 

agents. 


§ 25 Complex Compounds of the Elements of Group VIII and 
* Similar Substances 


. ic »ii ( . h-rroc van ides and ferricyanidcs. 
Many compounds arc known, sue . hroiniuin cobalt, platinum, etc., 

potassium cobaltinitrite and the amminc according to the usual valencies 

which presented great difficulties »n forniulatio.i accor K . ftfrrocvaili<lc will 


.presented great difficulties m io« potassium ferrocyanidc will 

of the elements concerned. I bu>. u silllll ( OI „.). iron (two or three) and 

only fit in with the usual valencies I , CN i that is, as an ordinary 

the cyanogen radical (one) .1 J*jrrtlcn N ^-iSviour of tins substance 

double salt. But there are sever. I U» abc 1 ku|ar# It does not give the 
which render this formula unsatisfactory_ . m . t aniol » (Fe(CN)«]"". 

reactions of cyanides, but appears to urn s • * when the complex metallic 

Similar problems occur in even more a " l V ^ For example, 

ammincs arc considered, lor ^^ acid la< iu al present is detectable as 

in some of these, only a proporti ti uives only a portion of the chlorine 

such; thus with some complex Compounds in which this 

is precipitated by addition of s»h«r Mihiu ^ ^ ^ chloridcs 

behaviour is observable have alna > arv k „own whose solutions do not 

(page HI3). Again some complex dc . although made from ordinary 

conduct electricity, and hence furnish no ions. 

salts, etc. romiioiinds of this type in a satisfactory 

Werner was the first dislin g!,ished two kinds of valency which 

way. In its original ,or, ' , -. ,b a| l 1 .. u > xl | iarV valencies. According to this, primary 
he termed mam. or principal. AI ‘ IU > , t ,„. mK al affinity which enable the 
valencies represent tl,os, n,an,(est. t ons ^ ^ t . ' ri . sst .,, terms of 

combining capacities (valencies ..I .I.c ck.ncnis^ NO ' . c „,_.... 

hydrogen atoms or ? 1,e,r thise manifestations ol (residual) 

Auxiliary valencies sm • > J ( llt ilie stable union of molecules as 

abie to exist as independent utolecu.es. 

eg., H.O—, Nil,-, MCI—. CrCl,—, ... 
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In illustration, antimony pentachloride, SbCl 5 ; sulphur tetrachloride, SC1 4 ; 
phosphorus oxychloride. POC1,; phosphorus pentachloride. PC1 8 ; and hydrogen 
cyanide. HCN. may all be regarded as compounds in which the primary valencies 
of the elements are exhausted, yet, in virtue of their residual affinity, compounds 
like SbCl s .4H,0. SbCl s .3HCN, SbCl 5 .SCl 4 . SbCl. PCl., SbCl 5 .POCl,. etc., are 

readilv formed. . , ^ . . 

At a later stage, Werner came to the conclusion that the difference between 
principal and auxiliary valencies is not so marked as he had at first supposed, and 
is one of degree rather than of kind. This is supported by modern electronic 
views of valency (see below). 

Werner considered that when the binding capacity of an elementary atom 
appears exhausted, it can still link up or co-ordinate with other molecules, and 
build up more complex structures, but that there is an upper limit to this process. 
The maximum number of atoms, radicals or molecular groups—independently of 
their valencies—which can be directly linked with a central atom he called the 


co-ordination number of that atom. ... 

The co-ordination number of most atoms, curiously enough, is six; in a few 
.cases it is four; and with molybdenum and the addition products of the chlorides 
of the alkaline earths, the co-ordination number appears to be eight. The fact 
that the co-ordination number for so many elements is six, and is generally inde¬ 
pendent of the nature of the co-ordinated groups, has made Werner suggest that 
the number is decided by available space rather than affinity and that six is 
usually the maximum number which can be fitted about the central atom to 
form a stable system. Consequently the co-ordination number represents a 
property of the atom which enables the constitution of " molecular compounds 
to be referred back to actual linkings between definite atoms. 

When the co-ordination number is six. Werner suggested, consequently, that 
the atoms or groups arrange themselves symmetrically about the central atom in 
the form of an octahedron. Evidence for the correctness of this assumption is 
given below. Similarly, when the co-ordination number is four, either a plane or 
a tetrahedral arrangement is theoretically possible. Examples of both arrange¬ 
ments are known. 

The central atom with its surrounding co-ordinated atoms or groups constitutes, 
according to Werner, a unit which is not a salt (hence it does not itself ionize), 
but it may be a radical which can combine with other radicals to form a salt-like 
compound. The effective valency of the co-ordinated group depend# both in 
magnitude and sign upon the nature of the atoms or groups attached to the 
central atom, as can be seen from the examples quoted below. 

In illustration of the way in which Werner's theory systematized the lormula- 
tion. ami hence advanced the comprehension, of these complex compounds, 
some plitimim-aiumines may lx* mentioned, and also some of the cobalt 

derivatives. . 

Thus, two well-defined seriesol plutmum-amnnm s are known, derivable respec¬ 
tively trotn plat moil. s and platiuic chlorides, in which the co-ordination numbers 
are respectively four and six Thus: 


TaULK LX1X. —-PLATINCM-AM.MINES 1>EKIVED FROM PtATlNOUS CHLORIDE 


Empirical 

Formula 

) Effective 
\\ erner s 1 Valency of 

Formula | Complex 

Proportion of 
Iomzable Chlorine, 
etc. 

l’t(XH,)«CI, 

I'M N 11,1,0, 
Pt(NII,>,0, 
rt(NII,)0,K 

rtci 4 K, 

(l*t(NH,) 4 'Cl J | +2 

(Pt(NH, ),ci;ci 1 +1 

l*t(NH,)CI,;K | -1 

[PtCI^K, 1 

the whole 
half 

none: non-electrolyte 
none: one K* ion 
none: two K’ ions 
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--- 

Effective 

Proportion of 

Empirical 

Werner's 

Valency of 

Ionizable Chlorine, 

Formula 

Formula 

Complex 

etc. 

Pt(NH,),Cl, 

Pt(NH,),Cl, 

Pt(NH,) 4 CI 4 

Pt(NH,),Cl 4 

Pt(NH,),CI 4 

Pt(NH,)Cl,K 

[Pt(NHj) ,]CI 4 

(Pt(NH,) s Cl]Cl t 

(Pt(NH,) 4 Cl,)Cl, 

(Pt(NH,l*CI,)CI 

(Pt(NH,),Cl 4 ) 

(Pt(NH,)Cl,)K 

+ 4 

+ 3 
■+■ 2 

+1 

0 

- 1 
-2 

the whole 
three-quarters 
one-half 
one-quarter 
none: non-electrolyte 
none: one K* ion 
none : two K ‘ ‘ ions 

PtCl,K, 

(PtCl,] Kj 



—Cl, Br, NO,. tUj, bU,. cic. . from electro-negative (basic) 

and the platinic amm.nc c ""JP!' X 1 r^dicils Potassium tl.loroplalinate is the 
radicals to electro-positive ‘ jam c hloroplatii,itc is the limit of the 

limit of the platinic ammiiics at d P«‘ enormous number of derivatives 

platinous ammincs. It will be ob' m a , |S kllown . derived not only 

cobalt, nickel, ruthen... rhodium. 

palladium, osmium, iridium an<l platinum. 

Nomenclature of the Metal Am “ to “ ammollia COI]1 pounds has been almost 
Wcrncr-s system of naming tl to t ' ; COI1 are taken first; and of 

universally adopted. conrt'tutn .. c<mM . HrJt; then follow any groups 

these, the acid radicals with the - u | lccl aquo . no,, mtnto or mtro; 

which behave like ammonia, e-g-. j J,tlphaio; SCN. tkiocyanato; 

NO,, nitrato ; CO,, carbouaio; SO * ammonia .nodules are designated 

?umbe a r m ^ach° r fhe who.fis'writUn as one word Examples appear in the 

above list. . . wand and third compounds in each ol 

sATEST-S? rXl^'wd. be. according to Werner s system: 

Chlorotriamminoplatinous chloride. 

Dichlorodiannnino platinum, 

Chloropentanunino platinic chloride. 

Dichlorotctrammino platinic chloride. 

The valency o, ^ 

ordinary valency of the central atom normal valency of platinum m the 

or elements attached to the "' l Y J iicc \u c valency of (Pt(Nl!,) 4 CI). with one 
compounds of Table LXX J t , lis mcalis that the complex in question 

negative (acidic) group Cl. v» »* d. - an d it can unite with three- 

acts as a tervalent electroposme UJ niv vak . nC y of (IU(NII.)CTJ with 
univalent electro negative (acidic) „ ra .*. ; _ , This ,„ C anss that the complex 
five negative (acidic) groups. Cl., > c , c . ctro . ncK .uive (acidic) radical, and 

under consideration will act as a uni • ii» a sicl radical like potassium, 

it can accordingly unite with one ^ “ arc numerically 

sodium, etc. If the valency ol tc•*»*”•” U c complex will be nullvalcnt. 
equal to the normal valency of thecentral :atom.,ui » 

Thia is the case, for instance, with the complex (1 t(NII,),t i 4 j. 
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One of the features of Werner's theory was that it provided an explanation of 
the isomerism which exists among some of these complex compounds, and a so 
predicted the existence of isomers of types which had not previously been 

observed. „ , .. - ^ 

Thus, dinitritotctramminocobaltic chloride exists in two forms, the navco 
(golden-yellow) and croceo (saffron) forms. These are accounted for satisfactorily 
by Werner’s assumption of an octahedral configuration for the complex; thus: 




NH 3 


Co 


NH 3 



Again, there arc two isomers of dichlorodiammineplatinum and two isomers of 
tetrachlorodiammincplatinum. In the former. (CltPtfNHjJJ, the four radicals 
are attached to the central atom ol plat num in pairs. If the four groups were 
attached in space, say at the angular points of a regular tetrahedron, isomerism 
could hardly be expected because the four groups could be interchanged without 
altering their relations one with another Hence it is inferred that the groups 
are arranged alxmt the central atom of platinum in one plane. The resulting 
isomerism can be graphically illustrated by the schemes: 




Trans-position 


Similarly, on the assumption of an octahedral arrangement, the two isomers of 
iPt(NH s ) a Cl 4 ] can be represented by: 



Cl Cl 
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Werner has also applied this theory to salt hydrates, alums, etc., but its 
principal importance has lain in its elucidation of the structure of compounds ol 
the types discussed above, and those represented by such substances as potassium 
mercuriodide, cuprammonium sulphate, potassium cobalticyanidc, etc. 


§ 26 The Electronic Theory of Valency and Werner’s Theory 

The enunciation ot Werner s theory was a great step iorward and gave a 
considerable stimulus to the investigation ol complex compounds, but it was^not 
until the Bohr theory of the atom (page ' 32) came to be applied M « ' « 
valency that any satisfactory explanation for the peculiar behawour of what 
became known as the Werner compounds could Ik* -i onc 

The application of the conception of the co-ordinate valency< W 4 ; 
with the general ideas of valency as explained on the ms* . . |, a rmonv 

the complex ammincs and related compounds affords result* in complete harmony 

with the experimental observations already indicated 

Considering, for example, the* case of the* platinum •‘mini **• . p t . 

In the platinous ammines, starting with the- ten «•» I * introduction 

a group of four valency electrons, the tetramminc is ° * - ir electrons 

of fouf ammonia molecules, in which each molecule share* a pan of «electrons 

with the platinum atom by means ol a duplet linkage. - * | outer 

of electrons in the ring to twelve so that there is a Stabk- group of tvsejee outer 

electrons. If one of the ammonia molecules be rep . j - • - || e | eC trons. 

chlorine atom, the ammonia molecule taking away " ' lhcr . is ai J 

and the chlorine atom bringing m only one electron . »ca' * *‘V cU-ctron Iro/iT 

SSK thus^rcducin^ the^osiUve chaVge ^f"'I k 'complex by one uniL In that 
say potassium chloroplatinite, K a [I*tCl 4 J, is formed. 


pv h *t r N ^ ✓h* / c, i rvT r c, ^ c T 

L41hJ [kJs,J Ulf-cJ [c/’S.J U'Vl 


The symbol-* is used to indicate a valency bond . 1|l( , t | ie sym t>ol — for 

arc supplied by one* atom, or atomic group, as * •< • * ^ c | v ctrons. 

an ordinary valency bond formed by two a om* * * lllra | platinum ion. 
Similar resets applt to * 

^ ^-kca stable group of sixteen outer 

electrons. 
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Similar considerations apply also to the Icrrocyanides, terricyanides, cobalti- 
nitrites and, in fact, to the complex compounds in general. 

The electronic theory of valency thus has the merit of being able to explain 
the formation and behaviour of the complex (or Werner) compounds, along with 
the rest of chemical compounds, without resorting to any special assumptions. 
Its application to these substances also shows that Werner’s original distinction 
between principal and auxiliary valencies can no longer be maintained, once, 
when established, a link is the same whether both of the electrons of the pair are 
derived from a single atom (co-ordinate link) or one from each of the two linking 
atoms (covalent link). 

§ 27 Relationships of the Group VIII Elements 

As mentioned in §1 this group of Mendeleeff s Table differed from 
the others in consisting not of single elements, but of three triads of 
elements, and further, the members of each triad show much more 
closely related properties, and have atomic weights closer together 
than is usual in successive elements. The modern form of the Periodic 
Table indicates that these triads are the central ones of the transition 
elements of the long periods so that the gradation of properties now 
recognized in these (horizontal) series would be expected to include the 
Group VIII elements. This is, in fact, the case, for the series, chromium, 
manganese, iron, cobalt, nickel, copper and zinc shows a steady 
gradation of properties; likewise molybdenum (masurium), ruthenium, 
rhodium, palladium, silver and cadmium; and also tungsten, rhenium, 
osmium, iridium, platinum, gold and mercury. 

All the elements of the group are metals of high melting point, which 
exhibit marked catalytic activity. They are all characterized by very 
variable valency, and the property of forming complex compounds is 

developed to a high degree with all of them. 

Some of the physical properties of these elements are given in 
Table LXVIII, page 880. Corresponding properties of iron, cobalt and 
nickel are given in Table LXXI. Close resemblances within the triads 
are thus observable, and similar resemblances arc to be found in the 
chemical properties. 


Table LXXI.— Physical Properties of the Iron Family 



Iron 

Cobalt 

Nickel 

Atomic weight 

Specific gravity . 

Atomic volume .... 
Melting point .... 
Boiling point .... 

55*85 

7*86 

7-16 

1537° 

3000° 

58*94 

8*9 

6*94 

1480° 

2900° 

58*69 

8*9 

6-68 

1450° 

2900®? 


In addition to these similarities, among the triads themselves there 
'is also a certain amount of resemblance between each element and its 
vertical analogues, particularly the last two members in each case. 
Thus iron, ruthenium and osmium have certain common properties, as 
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also have cobalt, rhodium, and iridium; and nickel, palladium and 

^ Iron, ruthenium and osmium all form dichlorides and trichlorides, 
and these also form complex chbrides or double chlorides ^ 

FeCl 3 .2KCl.H 2 0 (or K.,FeCl s . H t O). K 2 RuCl s . K 3 OsCI«. etc All three 
elements form monoxides and sesquioxides, and at any rate derivatives 
of dioxides. Ruthenium and osmium form complex cyanides analogous 
to the ferrocyanides; but do not give rise to analogues of the 

^Interesting comparisons are possible between cobalt. and 

iridium. The stable chloride of cobalt is a dtchloride. U, “ ,e t ^ st f ^ 
chlorides of the other two elements are trichlorides .all t hree fonn 

double halides such as LiCoCl,. K 3 Rh( 1 6 . 6 n \ co 

a monoxide, but there are sesquioxides and dioxides of all three the 

last-named being slightly acidic in nature, andI sugges s 
ship to iron, ruthenium and osmium, but to chromium and manganese 
also. All three elements form similar sulphates, alums, and double 
cyanides, as well as complex ammine-derivatives like those of palladium 

an SicS n p U aTladiu,n and platinum are similar in thei.^powor orchid 
ing hvdroeen (notably palladium); they all yield a dichlonde, and 
palladium'and platinum ‘at least form double ch ondcs, these jo 
give rise to trichlorides and double salts derived therefrom All three 
fol monoxPdes and dioxides; the latter displaying feeble ac.d.c 
properties; they all form double cyanides like K*M 

As regards horizontal relationships, iron, cobalt and nickel an all 

fairly bird and high-melting, decidedly 
similar variability of valency. I hey give 

closely similar complex compounds, such as I dm*'to their 

etc According to the electronic theory, this similarity . 
alf havin^twefelectrons in the outermost va'ency group. di enng onb 
in the composition of the preceding electron group 
While there are thus many resemblances 
members of the group, there arc also consult i a c. remote and 

Thus, relationship between iron and platinum ss * w j t j, whjch 

as regards close resemblance, is almost con ,n<,( compounds. This 
all the metals of the group give rise to « 11 other 'croups 

difficulty, however, is no greater than is fount * ). j t j lt ! 
and is much smaller than. say. those occasioned by the inclusion oi the 

halogens and manganese in the same gioup. 



CHAPTER 36 


RADIO-ACTIVITY AND THE RADIO ELEMENTS 


The discovery that there are metals which, so to speak, are bleeding to death 
bv the irrestrainable welling forth of strange aerial substances from their intimate 
parts was a novelty which held chemists spellbound with astonishment.— Anon, 

Radio-activity is the least manageable ol natural processes. It will not be 
hurried or controlled Nature keeps the management of this particular depart¬ 
ment in her own hands. Man views the phenomenon with hungry eyes, but his 
interference is barred out. He can only look on in wonder while it deploys its 
irresistible unknown forces.— Anon (1907). 


§ 1 Discovery of Radio-activity and of Radium 

About the same time as Rontgen discovered X-rays (1895), H. 
Becquerel (1896) placed fragments of several phosphorescent sub¬ 
stances on photographic plates wrapped in two sheets of black paper. 
In about twenty-four hours, when the plates were developed, a 
silhouette of the phosphorescent substance appeared on the plate. 
Hence, it was inferred that “ the phosphorescent salts of uranium must 
emit radiations which are capable of passing through black paper opaque 
to ordinary light, and of reducing the silver sails of the photographic plate, 
even when the uranium compound has been completely sheltered from 
the light.” The radiations emitted by the phosphorescent substance 
arc called Becquerel rays, though Niepce, thirty years previously, 
noticed that uranium salts could affect photographic plates in the dark, 
and G. le Bon (1896) called the radiations lumierc noire— black 
light.” A substance which possesses the property of emitting these 
penetrative rays is said to be ” radio-active/ and the property itself is 

called radio-activity. . , . A . 

Becquerel also found that when uranium is brought near to a 
charged gold-leaf electroscope, the gold leaf gradually collapses. The 
rate at which an electroscope is discharged is a measure of the efficiency 
of the specimen in emitting rays. The charged electroscope, indeed, is 
more sensitive than the photographic plate for detecting Becquerel 
rays. Air which has been in contact with uranium and its compounds, 
like air which has been exposed to Rontgen rays, will discharge an 
electroscope, for exposure to these radiations makes air a conductor. 

G. C. Schmidt (1898) found that thorium is radio-active in the same 
sense that uranium is radio-active, and curiously enough, these two 
elements are those which, of naturally occurring elements, have the 
highest atomic weight—Th. 232; U. 238. The radio-activity of thonum 
is readily shown by flattening an ordinary new gas mantle on the sensi¬ 
tive side of a photographic plate, and leaving all in darkness for about 
a week. When the plate is developed in the usual way, a photograph 
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of the flattened mantle will be produced. The mantle contains sufficient 

thorium as oxide, to demonstrate the effect. . . 

* Investigation soon showed that all substances containing uranium 
are radio active, and it was also soon found that this property does not 
depend upon light or heat; the emission of the rays appears to be a 

ii asrs tsar xxasp-srA tss 

they contain. Inis was paruc y tru:ec i to the presence in 

Joachimsthal in BohimiaaiiKAfferent from uranium or any other 

LnX Vodymul very highly million 

times more'radio-activc*than^urtmiurrh t ‘ w’hich the nan, rad,urn was 
given. 

§ 2 The Nature of the Radiations 
The radiations from radium, upon 

capable of bringing about many c . ‘ The chemical and 

photographic plate or “hich C they efuse. although interesting in them- 

jsrW taSaSsic - »•*■»*•*•* •» <*• ... 

of radio-activity than 1 r P V couule of slfc-ots of aluminium foil will cut 

A few sheets of paper or a coup | ca( | about hall a 

off a large part of ‘'^^'“'nearly all the radiations. A residuum 
centimetre thick, will cut off r y • t | iroUR h 15 cm. of lead 

still remains unsuppressed even < I* Hence, the radiations from 
or through a far thicker lock of iron. Hence. (rom radilim 

radium are not homogeneous.T'nuwK*. Some of the rays are 
arc not affected in the same w« \ > nlaced in a magnetic field; 

not influenced, for they do not >em towards or in a direction 

these are called the Y -rays. O hers are l en whi ,c others 

parallel to the magnet, and 11 C ^ in Tare c ille.l the a-ravs. 

types of radiation are as follows: 

A The a-Tys are slightly bent by intense magnetic forces: the effect 
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of an electric field on them shows that they are positively charged and 
their behaviour is similar to that of canal rays or positive rays (page 134). 
They have been shown to consist of particles of mass 4 (relative to the 
mass of an oxygen atom as 16) positively charged; and in 1908 
Rutherford and Royds showed that these particles are, in fact, charged 
atoms of helium. This was accomplished by sealing radium emanation 
(see below) in a thin glass tube, when the x-particles passed though the 
walls into an outer evacuated tube. On passing an electric discharge 
through the latter after some time, the helium spectrum slowly 
developed, x-rays are easily absorbed by thin metal foil and have a 
limited range in air; the fastest have a range of about 7 cm. 

Beta Rays 

The p-rays have more penetrating power than x-rays, but they 
differ in being deflected in the opposite direction by magnetic arid 
electric fields. Investigation has shown that they closely resemble 
cathode rays (page 127) and, in fact, that they consist of electrons 
projected with enormous velocity (sometimes approaching that of 
light). 

Gamma Rays 

The v-rays are not affected by the most intense magnetic forces. 
Their penetrative power is very intense, and they can manifest their 
presence after passing through several inches of metallic lead or several 
feet of metallic iron. The relative penetrative powers of the three 
types of rays for aluminium are roughly as a: (S: y = 10: 10 3 : 10 s . 
The v-rays do not appear to be material particles at all, but the experi¬ 
mental evidence shows that the v-rays are similar to, if not identical 
with, Rontgcn rays. A diagrammatic illustration of the three types 
of radiation from radium can now be given, Fig. 36.1. A piece of 
radium is supposed to be placed in a lead vessel, sufficiently thick 
to prevent rays travelling through the walls. Under the influence 
of an intense magnetic field, the rays no longer travel in straight lines, 
but they arc deflected as shown in the diagram. 

It is now known that a single radio-active element never emits all 
three types of radiation; either an x-particle is emitted, or p-particles 
together with y-rays. Radium appears to produce all three on account 
of its disintegration into other substances which are themselves radio¬ 
active (see below). 

§ 3 Radium Emanation 

The investigation of the properties of radium soon showed that 
there is a continuous evolution of a substance from radium which 
behaves as though it were a radio-active gas. This gas emits only 
x-rays, and was termed by Rutherford, who first observed it, emanation. 

The radium emanation is quite distinct from the three types of 
rays emitted by radium and its salts. The amount is very small, but 
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the suddIv is continuous. If the temperature be raised the absorbed 
emanation is riven off. for a short time, much more cop.ously than m 
“old IMS a gas, it has a characteristic spectrum, somewhat 

resembling the spectrum of xenon ; it can be 
condensed by liquid air to a minute drop o 
liquid (microscopic) of specific gravity o- , 
and at still lower temperatures, the liquid 
solidifies. The solid melts at -71 , and the 
liquid boils at - 62°. The radio-active gas is 
chemically inert, for it resists attack by e\er> 
chemical reagent hitherto tried, it has a 
characteristic spectrum, and distinctive chem¬ 
ical and physical properties, and in conse¬ 
quence, it has been placed with the argon- 

helium group of the periodic table. I he a 3(J , —Diagrammatic 
weight of the emanation has been det Analysis ot the Kadiuin 

by measurements of its density, rate o \ i Radiations by a Magnet 
sion. etc., and found to be 222. It is now known 

as niton or radon (Chapter 23). . . HisanDears After about 

The emanation, if kept by itself, >towly disappea^ ai ^ ^ 

four days, only about half continuously and spontaneously, into 

radium emanation decomposes, conti y 

a radio-active solid and helium gas. deposit," and it has 

This radio-active solid is known a ' products ending with 

been found to decay into a senes of rado*<etiw proa ^ ^ 

lead The period of avcrage hfe < rad j 0 . activ e equilibrium has 
active deposit thus c ° nUll "*' u Sllbstalice greater or less accord- 
been established, a proportion of ca . md decomposed. Each 

ing to the rate at which it is being fur me land of thtf 

change is associated with either the i \j 
production of (J- and Y" ra y s - 

§ 4 Theory of Atomic Disintegration 

Many hypotheses have been su 6S c * te d io ^.^accepted^is that of 
facts of radio-activity, I hat which s ; ^ mic disintegra- 

Rutherford and Soddy, and is known as the theory ^ l)0 

tion. According to this are 

small intricate systems (Chapter J) hnke \ md ; t j s an effect 

dous power. Radio-activity is an atomic ■ \ L disintegration of the 
of the iinstability of certain atomic systems 

unstable atoms is marked by the j'^continuaHy and spontaneously 
elements are therefore unstable, and arc > ^ C | t . mcn t s . 

changing by numerousdevolution of the elements. 

This hypothesis suggests the occurr (<}r do(ll)t t | iat in the 
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It is further assumed that the radio-active elements are not unique 
among the elements in containing abnormal stores of internal energy, 
but—excluding potassium and possibly rubidium—the other elements 
are either immutable or else they are changing so slowly that no signs 
of mutation have yet been detected. According to the disintegration 
hypothesis, Nature is continually changing the elements with the 
largest atomic weights such as uranium (238 07) and thorium (232-12) 
into simpler elements. The latter, in turn, are said to be stable simply 
because no signs of radio-activity have yet been detected. It is possible, 
even probable, that if ever elements existed on earth with larger atomic 
weights, and by inference, with more complex atoms, they have all 
degraded into simpler forms, and are now probably extinct elements. 

The elements with the smallest atomic weights, and those which are 
found in greatest abundance on the earth—hydrogen, helium, calcium, 
oxygen, sodium, silicon, etc.—are usually considered to be the most 
stable, and to contain least intra-atomic energy. Hydrogen and 
helium, occurring in the hottest stars, are supposed to have a tendency 
to form aggregates, and pass into common terrestrial elements during 
the cooling of the hot stars. It seems as if uranium and thorium must 
have been exposed to peculiar conditions whereby they were elaborated 
beyond the limits of stability, and absorbed stores of energy which 
are now being slowly released because the conditions necessary for their 
stability no longer obtain. 

It might be asked why the comparatively conspicuous self-destructive 
activities of radium have not led to its extinction long ago. Rutherford 
estimates that the radium now on earth will be disintegrated and 
the whole virtually extinct in about 25,000 years. There can thus be 
little doubt that if there had not been a continuous source of supply, 
radium would have been an extinct element long ago. The decay of 
the heaviest known element, uranium, is so extraordinarily slow that 
it can just be detected, and a rough estimate made of its life— 
8 ,000,000.000 years. 

The Distribution of the Elements 

The reasons for thinking that the supplies of radium are continually 
renewed turn on the facts: 

1. Radium and uranium always occur together, and the two elements 
are not sufficiently common for this to be due to mere chance; and 

2. The proportion of radium to uranium in the uraniferous minerals 
is almost invariable—1:35,000,000. This approximate constancy 
is clearly the result of an equilibrium between production and decay. 
The supply of radium is regulated by its relative rates of formation 
and degradation; and when the birth and death rates are balanced, 
the ratio radium: uranium must be constant. It is interesting to 
observe in this connection that a very small amount of helium is 
always found occluded in uraniferous minerals. Assuming that no 
helium escapes, the small amount found in a given rock will be a 
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measure of the time which has elapsed since the birth of that particular 
sample, but this gas must be constantly leaking into the atmosphere, 
and, consequently, the " age " so computed will be a minimum age 
of the mineral, for the mineral may be older, but not younger, than 
the age so computed. Hence, by determining the relative amounts 
of uranium and helium in a mineral, its minimum age can be estimated. 
In this way, Strutt estimated that it requires eleven million years 
to produce one c.c. of helium per gram of uranium. Lead also has 
been detected in over forty uraniferous minerals, and in many of 
these cases lead does not occur in other places near the uranium deposit. 
Hence it is considered unlikely that the lead has been deposited about 
the uranium by subterranean streams, and its presence may be taken 
as confirmation of the view that lead is the end product of radio-active 


change. 

According to this theory, therefore, an atom is at any moment 
liable to " explode." and its expectation of life is expressed by a simple 
law discovered by Rutherford. He showed that the fraction of the 
total number of atoms undergoing disintegration in unit time is 
constant: or otherwise expressed, the activity diminishes exponentially 
with the time. The reciprocal of the fraction which disintegrates in 
unit time is called the period of average life of the element 1 he 
period after which half the atoms have disintegrated is called the 
half-life period, and is 1/1 443 of the period of average life. Each 
radio-element is characterized by its average life, and in radio-active 
equilibrium the amounts of each element present are proportional to 


the half-life period. , . .. 

Investigation has shown that there are three series of radio-active 

changes, known respectively as the uranium thorium and actinium 
series. Actinium is a new element separated from the residues of 
pitchblende by Debierne in 1899. It is not the first member of the 
series, being preceded by another new element, protoactinium. I roto- 
actinium itself is derived by a p-ray change from an isotope of uranium 
X, (see below) called uranium Y (itself an isotope of thorium). 
Uranium Y may be derived from Uranium II or from another uranium 
isotope (Uranium 235). The exact position at which branching occurs 

is still uncertain. .... * , 

These series of changes are shown below, and also the nature of the 
rays emitted at each step. The half-life period and atomic weight of 
each element are given in I able LXXII. 


Uranium Series 


Py UZ py 

a /Py Py^* a a a a * Py 

UI-*UX|-*UX 2 -*UII->Io-^Ra->KaEm-*RaA->RaB-* 


p Y RaC' a Y p a 
-►Rac/ \RaD-^RaE->Po->Lead. 

a RaC"/ Py 


2G 
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Thorium Series 

a Py PY a a a a Py 

'X'h->MsTh 1 ->MsTh 2 —>RaTh—>ThX^ThEm->ThA->ThB—► 

PyThC' a 

->Thc/ NLead. 
aVrhC"/ Py 


Actinium Series 

Py a Py a a a * Py 

UY->Pa->Ac-*RaAc->AcX->AcEm-*AcA-*AcB->» 

PY AcC' a 

AcC^ \Lead. 

a X AcC /#/ Py 


Table LXXII.— Characteristics of Radio-Elements 


Element 

Symbol 

Half-life period 

Atomic 

Weight 

Uranium I 

UI 

4-67 x 10® years 

238*07 

Uranium X t 

ux, 

24-6 days 

234 

Uranium X 2 

ux, 

1*15 mins. 

234 

Uranium II 

UI1 

2 x 10* years 

234 

Ionium 

Io 

0-9 x 10 4 years 

230 

Radium 

Ra 

1090 years 

226 05 

Radium Emanation 

RaEm 

3-85 days 

222 

Radium A 

RaA 

3*0 mins. 

218 

Radium B 

RaB 

20-8 mins. 

214 

Radium C 

RaC 

19*5 mins. 

214 

Radium C' 

RaC' 

10" 8 secs. 

214 

Radium C" 

KaC" 

1*4 mins. 

210 

Radium 1> 

RaD 

16-5 years 

210 

Radium E 

RaE 

5 days 

210 

Polonium 

Ro 

130 days 

210 

Thorium 

Th 

1*31 X 10 10 years 

232*12 

Mcsothorium 1 

MsThI 

0*7 years 

228 

Mcsothorium 11 

MsThll 

6*13 hours 

228 

Radiothorium 

RdTh 

2-02 years 

228 

Thorium X 

ThX 

3-07 days 

224 

Thorium Emanation 

ThEm 

53 secs. 

220 

Thorium A 

ThA 

0*14 secs. 

216 

Thorium 13 

ThB 

0*0 hours 

212 

Thorium C 

TliC 

00 mins. 

212 

Thorium C' 

TI»C' 

10”* secs. 

212 

Thorium C" 

ThC" 

3*1 mins. 

208 
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Element 

Symbol 

Protoactinium 

Pa 

Actinium 

Ac 

Radioactinium 

RdAc 

Actinium X 

AcX 

Actinium Emanation 

AcEm 

Actinium A 

AcA 

Actinium B 

AcB 

Actinium C 

AcC 

Actinium C' 

AcC' 

Actinium C" 

AcC" 


Half-life period 

Atomic 

Weight 

2 x 10* years 

231 

20 years 

227 

10-5 days 

227 

11*4 days 

223 

3*9 sees. 

219 

2-9 x 10”* sees. 

215 

30-1 mins. 

211 

2-15 inins. 

211 

7 x 10“* hours 

211 

4*71 mins. 

207 


§ 5 Radio-elements and the Periodic Table 

The position of the radio-elements in the Periodic lablc and the 
discovery of isotopes have been discussed in Chapter .) (pages . - • • )• 

The relation between the nature of the change (whether a-ray or 
fi-ray) by which a particular element is formed and its position in the 
table is also explained together with the enunciation of the displace¬ 
ment law. These facts are summarized in the portion of the 1 eriudic 
Table reproduced in Table LXXIII on page IHH). 


§ 6 Separation and Properties of the Radio-elements 

As a consequence of the slow rate at which the radio-elements other 
than uranium and thorium, are formed from their paren e * a V l 

of the further fact that they themselves decay rather quichl\ tlu 
amounts of these elements present in any given mineral *ni;> • 

Thus, for example, the amount of uranium \, produced by one k 
of Uranium I is only about 0-5 milligram m a hundred years, f 'tlur- 
more, since the period of half-life of uranium \, i* > "1 . m , nt can 
follows that only a very small proportion of 1 M ; r Tol10<)0 

ever be present. In the case of radium, with .» half- c I ^ 

years, the proportion present, when equilibrium has " j. • ’ 

will be larger but even then the maximum amount is \crybun^ 
about 350 milligrams per ton. 1 he separation of u sc . ^ 

tics is thus a matter of great difficulty and involves the handling of 

very large amounts of raw material. 


Uranium 

There are 
numbers 2! 

known as . 

radio-active properties so soon as the investig.i 


ire three naturally occurring isotopes of uranium of mass 
>34, 235 and 238 all of which are radio-active. U usually 
uranium I and * J JU, uranium II. were identified by their 
_cr/i .hi n« the investigation ul the radio-active 
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series and the characterization of its stages was completed. re¬ 

ferred to simply as “uranium 235/’ occurs in natural uranium only to the 
extent of 0-71 per cent, and was not recognized until much later. It 
has come into prominence lately since it can undergo nuclear fission 
when bombarded with neutrons (see below) and is the basis of one form 
of atomic bomb. 

The isolation of uranium is described in Chapter 33; as so 
isolated all three of the above-named isotopes are present and also 
uranium X u uranium X 2 , uranium V and uranium Z. Uranium 
can be removed by precipitation as oxalate along with a rare eartn, 
the amount present is far too small for precipitation and removal by 
filtration by itself The general chemistry of uranium is also discussed 

in Chapter 33. 


Ionium 

Ionium being an isotope of thorium has an identical general chemistry, 
being distinguished from thorium only by its radio-active properties. 
It is impossible to separate it from thorium. It can be c ^ 6 

with any thorium present) from uranium by treating it as thorium 

(cf. page 748). 


Radium 4 lllL ,. 

Radium is the most important, as it is the most active ol all the radio- 
elements. It is obtained from uraniferous minerals such “ P't^bkmde 
containing some 150 milligrams of radium per ton. The 
roasted with sodium carbonate and then digested »i 1 <■ 1 s boiled 

acid when the uranium goes into solution and the res, dueis boiled 

with sodium hydroxide solution and washed with \ at I 

still undissolved is acted upon with hydrochloric acid «h‘ most 
dissolves. A very small residue still remains which is bodedI v ithsol mm 
carbonate solution. The carbonates so formed arc- punftedand dis¬ 
solved in hydrobromic acid from which, by evapora . ■ 

barium and radium bromides is obtained. '. h ^'-‘t . 1 , ' ou 

finally obtained pure by fractional crystallization ai long 
process on account of the minute quantity of the . . L . 

As mentioned in Chapter 27, radium is a member he alhali 

earth family. Its salts are isomorphous w. I, those of 1 ar U" 

colourless when pure. I hey ozonize air and arc u 1K " instruments 
emitting a green light They thus find a use m luminous iistrumcnts 
(watchl compasses. etc.), for use in the dark Radium salts imparl a 
carmine colour to the bunsen flame. n4 . hil . rni . in 

Radium itself was first obtained by me <-un V 1L , me curv 

1910 by the electrolysis of a solution of the t li oru • g ‘ j, 

cathode. The radium was obtained by distilling of >c n r ur>. 
is a white metal which tarnishes very quickly in ^ ‘/,, is 

formation of the nitride It decomposes water when hydrogen 

liberated. 
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Radon or Niton is obtained from radium by pumping off the dissolved 
gases from a solution of a radium salt. A mixture of hydrogen, ox yg® n 
tnd radon results from which the former two gases are removed by 
explosion. Finally, the gas is purified by cooling in liquid air when it 
solidifies. Radon is a member of the Inert Gas family (q.v. Chapter 
24). It is used in experimental work and in medicine as a grea 
number of specimens can be produced from a given sample of radium. 
Its properties have been referred to already (§3, supra). 

Polonium was discovered by Mme Curie, who isolated it from 
pitchblende. The hydrochloric acid solution obtained in the separation 
of radium, at the stage before the conversion of the latter into its 
carbonate and bromide, is treated with hydrogen sulphide when bismuth 
and polonium sulphides are precipitated. The properties of this element 
(apart from its radio-activity) have hardly been investigated as it 
occurs in such minute quantities (about 0 004 mgm. per ton in 
pitchblende). 

Thorium and its extraction (usually trom monazite sand) are referred 
to in Chapter 30. Its interest from the point of view of radio¬ 
activity derives from the fact of its being the parent of one senes of 
radio-elements: its own radio-activity is very feeble. 


Protoactinium, discovered bv Soddy in 1917, and independently by 
Hahn and Meitner, has been separated from pitchblende residues by 
von Grosse (1935) in relatively large amounts (0-5 gm. or so). Ihe 
element itself has also been isolated by von Grosse by bombarding the 
oxide (Pa A) on a copper target with a stream of electrons in a high 
vacuum, the metal being obtained as a shiny, partly sintered, metallic 
mass which is stable in air. It has also been obtained by decomposition 
of the halide in a high vacuum on an electrically heated tungsten wire: 


2 PaX 5 = 2Pa + 5X 2 . 

Protoactinium is a member of Group V of the Periodic Table. Its atomic 
weight has been found by von Grosse from the ratio k 2 Par 7 . ra^Oj, 
the value 230 0 being obtained. This provides a fourth “ anomaly 
in the atomic weight table since thorium which precedes protoactinium 
in the Periodic Table has a higher atomic weight (232*1). 

Actinium was discovered in 1899 by Debierne (a collaborator of 
Mme Curie) and can be recovered trom the filtrate trom the 
precipitation of polonium (vide supra). 


§ 7 Nuclear Reactions 

The possibility of changing the nucleus ol a given atom into that of 
another (that is, of bringing about transmutation of the elements) by 
bombardment with particles such as a-particles or neutrons has been 
referred to already in Chapter 9 (page 146) where the pioneer experi¬ 
ments of Rutherford are referred to in w'hich nitrogen, by bombardment 
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with a-particles, gave rise to hydrogen and an isotope of oxygen of mass 
17. This change can be represented by a nuclear equation, thus. 

i4 N + jHe = ‘JO + i H. 

Many such reactions have now been discovered and investigated, 
among which the following examples may be cited. 

JLi + }H = iHe 4- JHe 
jBe 4- t'O = ‘jjB 4- in 
»iN 4- in = ‘iB 4- jHe 

In 1934 another type of nuclear reaction was discovered by Mme 
Curie-Joliot, in which the new nucleus produced is itself radio-active 
and decays with the production of yet another nucleus. 1 nus, the first 
artificial radio-active element was formed by the bombardment of 
aluminium with a-particlcs whereby a neutron and a radio-active 
isotope of phosphorus (unknown in nature) result, this then decays, 
forming an isotope of silicon : 

J’Al + JHe = Jn + 

j»I> = jjSi 4- VP (a positron). 

Many other similar reactions are now known and among the artificial 
radio-elements so produced arc a number which are proving of great 
value as tracer-elements for use in research, particularly in connection 
with biochemical or medical problems. I bus, a radio-active isotope 
of calcium has been used to follow the course of bone formation in 
mammals, and radio-carbon (produced, lor example, by the action o 
neutrons on nitrogen) is a valuable tool for following the course of 
organic chemical reactions. 

§ 8 Nuclear Fission and the Release of Atomic hnergy 

Before 1038 all the nuclear reactions known were of the same funda¬ 
mental type in the sense that the particle initiating the change eg., 
a neutron* a proton or an a-part.de) and one of the products of the 
reaction were alike small, having a mass of 4 umts or 11 n | 

1938 Hahn and Meitner discovered, through the bombardment of 
uranium with neutrons, a new type of disintegration in which the 
uranium atom was split into two new atoms of approximate y ecjua 
mass while the change was accompanied by the release of a (relatively) 
very large amount of energy lo this phenomenon the term nuclear 

fission is applied. .. , . .. « . 

Fermi had (in 1934 and subsequent years) investigated the effect 
of bombarding uranium with neutrons, arguing that since this particle 
has no charge it can penetrate the nucleus of another atom much 
more readily than an a-particlc or a proton. In these experiments 
he reported the production of two new radio-active elements of atomic 
numbers 92 and 93 which were called trans-urainc elements. It is now 



904 MODERN INORGANIC CHEMISTRY [Chap. 

believed that these effects were not caused by trans-uranic elements at 
all but by fission products. 

Later work, following up Hahn and Meitner s observations, showed 
that of the three naturally occurring isotopes of uranium (viz., those 
of mass numbers 234, 235 and 238) the only one which undergoes 
fission under neutron bombardment is that of mass 235 (now usually 
referred to as U-235). This isotope occurs in natural uranium to the 
extent of 0-71 per cent. only. 

Among the striking and important features of this process are the 
large liberation of energy and the fact that the process itself produces 
neutrons and, on the average, the number of neutrons emitted m each 
fission is greater than one. Hence, the process can initiate a chain 
reaction which can produce enormous amounts of energy in a fraction 
of time. This is the basis of the “ atomic bomb " for which purpose 
the isolation of uranium-235 in a state of purity was necessary. I his 
was a tremendous undertaking, enormously expensive both in time and 
money, but it was successfully achieved using, among other methods, 
the fractional diffusion of gaseous uranium fluoride, and modifications 
of the mass spectrograph method enabling it to handle, and separate 
large quantities of material. 

Alongside of this work investigation of the production of trans- 
uranic elements proceeded and among these was found a new fissionable 
element to which the name plutonium was given. This is produced as 
the result of the following reactions: 

" 92 U + n J= TiU (radio-uranium) 

•;;u-*;;Np+?e 

*;; Np = ^’pu + ?e 

The radio-uranium, first formed, yields a nucleus of atomic number 
93 and mass 239 as a result of its radio-active decay; to this the name 
neptunium (and symbol Np) has been given. Neptunium similarly 
produces plutonium by a further (3-ray change. 

The plutonium nucleus, like U-235. undergoes fission when bom- 
barded by neutrons and. in the process, produces two neutrons which 
can cause fission in two more nuclei, and so on. 

It has been shown that the fission of 1 gram of uranium-235 or of 
plutonium causes the almost instantaneous release of energy' equivalent 
*»o that produced by' the combustion of 18 tons of coal. This energy 
is believed to arise from two sources, viz., the liberation of the packing- 
energy (i.e., the work which had to be done in order to pack into a 
minute nucleus a number of protons against the very large repulsive 
forces between them) and the loss of mass in the process of fission which 
is of the order of 1 per cent, of the original mass. The relationship 
between mass and energy is given by Einstein s equation (page 138) 
which is 


E = me 1 
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where E = energy liberated 
m = mass destroyed 
c = velocity of light. 

This energy is not all liberated in the form of heat; much of it appears 
as radiation of various kinds including those from a variety of radio¬ 
active elements produced in the process. 1 he fission fragments include 
barium, strontium, krypton, xenon and a number of other elements 
lying between selenium and lanthanum in the Periodic I able. 

The release of nuclear energy in the fission process has been used in 
warfare in the atomic bomb; its application to pacific purposes as a 
source of the energy required for the maintenance of a complex civiliza¬ 
tion is the object of intensive research at the present time. 

A further project, which has received much publicity recently, is the 
so-called hydrogen bomb. As has been pointed out (page l.JS), a helium 
nucleus is slightly lighter than four hydrogen nuclei and so, if means 
could be found to induce four protons (or two deuterons) to combine 
to form a helium nucleus, an enormous amount of energy would be 
liberated. It is believed that this would occur at the immensely high 
temperatures reached in the chain reaction used in the atomic bo™* 5 
referred to above. Hence, it is proposed to investigate the possibility 
of using a relatively small-scale fission reaction in order to initiate the 
hydrogen (or deuterium) to helium process. The proposal has rightly, 
met with great opposition, as it is believed that, if successful, the 
method could be used only for destructive purposes and that it would 
be impossible to adapt it to pacific and civilizing purposes. 
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QUESTIONS 


Chapter 1 

I. Give an account of the Phlogistic Theory of combustion, explaining clearly 
how it accounted for both oxidation and reduction. What was the chief fallacy 
in this theory ? (Cambridge, H.S.C.) 


Chapter 2 

1. Under what conditions do gases exhibit deviations from^oylc's Law ? To 
what factors do you attribute these deviations and on what 1 nej has the atteinj 
been made to give a quantitative account of them . |^don. B.. c, ) 

2. Give an account of the work of [a) Andrews, (b) l;araday. (c) Dewar on tbc 
liquefaction of gases. Describe some modern technical applications of h 1 

‘'Tkx^nwhy temperature ,s defined ,n terms of the properties of a perfect 

gaS 4. ho"wr’-al gases are found to deviate ‘ h « 

how far these deviations are accounted lor by t it c 3 

(0 fi f ExpVam V and justifv the assumptions underlying the kinetic them,! gases 

takes 1-117 times as long .as oxygen to dillusc mrougu i 

8, How do you understand that‘ s ^ ri U" n ( ‘« P of bri^i h. 0 cou7preSJd°wfthtn b a 

veraelo/glassor^rorcclainl'and'^thencmnpletely dissolved in acid £ (Massachusetts 

Inst, of Technology I . , . . .. > How can you 

9. What do you understand by the kmc it > Hypothesis? (Punjab 

utilize your knowledge to formulate a prool ol . k- 3 

loAvhy are the physical im^faction o"gasM? (Oxford'scholar- 

Mention some practical applications of the [ 

ship.) 

Chapter 3 

1. Trace the development and a PP ,,c ?^o^ , “'^banllll^gieVof procTsion of the 

tion of mass, dealing especially with the *oik. aim ' K> l 

experimental evidence on winch ' l ^^istingiished from a mixture ? Illustrate 

2. How may a chemical compound be 

your answer by examples, (O. & C.J.13 J •) n •. experiments which you 

woulrf perform %: ^ — "” 

and'rccJprix:^^proportions are a necessary 

C T1 l u“ tt 0 O, I^w :i"L ofMassand dcUribc «,«im.n* which have 

1)07 
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been made in support of it. Indicate to what extent, if any. modern views of the 
nature of matter have modified belief in this law. . , 

6. Distinguish as clearly as you can between changes in matter which are 
classed as chemical and those classed as physical. Which of the following do 
you think are chemical, and which are physical : freezing ice cream ; souring 
milk ; burning a candle; distilling water ; magnetizing iron ; electrolysis of a 

solution of copper sulphate ? _ ... .. . - . 

7. Give a brief account of the Atomic Theory, together with its history. 

(Princeton Univ.) . „ 

8. Define the laws of definite and multiple proportions. Show how the following 
analysis of three oxides of nitrogen illustrate the law of multiple proportions. 


Nitrogen 

Oxygen 


ABC 
63-65 46-68 25-94 

36-35 53-32 74-06 

(Manchester Univ.) 


9. Describe in detail how you would separate the constituents of ordinary 
black gunpowder, and ascertain the percentage of each constituent in the mixture. 

(St. Andrew's Univ.) . . , 

10. What is meant by a chemical change ? In what respects docs chemical 
action differ from gravitation? What properties of matter do we define as 
chemical properties, and what are physical properties ? (Punjab Univ.) 


Chapter 4 

1. Explain the relation between Gay-Lussac’s law of gaseous volumes, and 

Avogadro's hypothesis. (O. & C.J.B.H C.) . 

2. Describe one method you would use to measure the vapour density of ;a 
given liquid. Explain why this value enables you to deduce the molecular weight 
of the substance in the form of vapour. (London Inter B.Sc.) 

3. 0-6 grm. of a liquid when vaporized at 150° C. and at a pressure of <o0 mm. 
occupied 176 c c What is the value of (a) its vapour density referred to hydrogen. 

(5) its molecular weight ? (London Inter. B.Sc.) 

4 State Avogadro’s hypothesis. Explain how experiments on the com- 
po.Mtion by volume of hydrogen chloride have led to the conclusion that the 
molecules of hydrogen and chlorine contain at least two atoms (London Inter. 

li f> C Describe a method for the determination of molecular weights by the relative 
lowering in the vapour pressure of a pure solvent, produced by a non-volatile 

At 0° C. the vapour pressure of water — 4-62 mm., and that of a solution of 
2*2S grin, of Cat I, in 100 grin, of water = 4-584 mm. Calculate the degree of 

dissociation ol the salt. (London B.Sc.) 

6 Describe a method by which the vapour density of a volatile liquid may be 
measured. Explain why the molecular weight of the substance in the form of 
vapour mav be easilv calculated from the vapour density. 

One grm. of liquid vaporized at 150° C. and 750 mm. pressure occupied 238 
c.c. Calculate its molecular weight. (O. & C.J .B.H.C.) 

7. Trace the steps in the proof of the relationship which exists between the 
vapour density and the molecular weight of a gas. 

Three compounds of a certain element contained 94-1, 50-0, and 21-9 per cent, 
of the element, and had vapour densities of 17. 32 and 73 respectively. What is 
the probable atomic weight of the element ? (O. & C.J.B.H.C.) 

5 Describe fullv how vou would determine the vapour density of a substance, 
whose boiling point is well below 100° C. How docs the fact that a vapour does 
not behave as a perfect gas affect the relation between vapour density and mole¬ 
cular weight ? (Oxford H.S.C.) 
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9. Which of the following gases are lighter, and which are heavier than air. 
O t , CO, CH 4 . NH„ SOj, H,S ? Calculate the weight of 10 litres of CO, at N.T.P. 
(Board of Educ.) 

10. Explain the reasons lor believing that * the molecular weight oi any gas is 
twice its density compared with hydrogen." (Madras Univ.) 


Chapter 5 


Calculate 


1. Explain the term “ equivalent weight " as applied to a metal, 

the numerical value in each of the following cases : . 

(a) aluminium ; given that it burns with an increase oi S8-S per cent, ol its 

^(^magnesium ; which when treated with acids yields 922 c.c ol hydrogen 
(measured at S.T.P.) per grin (Durham Inter. 13.Sc.) 

2. What is meant by a normal solution of a base and an oxidizing agent 
When the salt KNaC 4 H 4 0,.4H,0 (molecular weight 2s ) is i^n ud there .s a 

residue of sodium carbonate and of potassium carbonate .*h f 

gave a residue which required 03-8 c.c. of N /10 hydrothlori . nuritv 

tion, methyl orange being used as indicator < alculatc the percentage pu y 

0f 3 the Show t[°t1h C e J fonnula H.O best represents the formula .or water, qu.te 
independently of the atomic theory. 


Chapter 0 

I. Discuss with lull details two different method, which have been used in the 

•irssTjusrs hJKjiivU;»............«—«- - 

‘TnsfT-jsssrz^ <5 osr.'sr” 

determination of the atomic weights of the ch nun • the metal M and 

4. From the following data, calculate the atomic weight of the metal N. 

£5“ SCO c.c. o. hydrogen iron, an acu, .measured 

at (fc) T 0 P 50 grm. of the anhydrous chloride when volatilised in a Victor Meyer 
apparatus displaces 42-3 c.c. of air (.it i».l )■ 

(c) The specific heat of the metal w <>•-! * x ° ‘ ‘ , .. atomic weight ol 

6. Explain how Avogadro's »»y|iotheN.s can w c . lku ute the probable 

element which forms a number of lollowm-’ data 

omic weight of carbon (to the nearest whole nu.ubc, from the lollo .... data 

> ill, ’ «* *• 

22 39 

hi HI 92-31 

(Cambridge ll.S.Cd 

0. Outline concisely the mam physical and chemical evidence lor the electronic 

theory of valency (Inst of C ,K *"; > whicll lc ads us to state that some elements 

7. Explain the experimental cvK^h \ \ l ^ w<? ||tf|icvo that hydrogen and 

oxygeii'hawTUw*same^valencies in hydrogen ,>c.ox.de as they have ,n water > 

(0 S. Wh^i,“? {,y the • equivalent o, an element, and what relation docs 
it bear to the atomic weight ? (London l i..v> wlulva , en t weights, but only 


an 

atomic weight 

Substance 
Vap. dens. 

% of carbon 


CO 

14 

42-80 


CS, 

38 

15-79 


C,l«4 

14 

85-73 


9. An element mav exhibit several combmmg or cqu val 
one atomic weight ‘Explain this phenomenon clca ly •*"“ K r “-"J OI1 

10. State the law of Uulong and I'eti*. and explain its application 

limitations to the determination ol atomic 1 


Discuss its 
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11. An oxide of a metal contains 48-0 per cent, of oxygen. What is the exact 
equivalent of the metal ? If the specific heat of the metal was found to be 0-123, 
what is the probable atomic weight and valency of the metal, and what would be 
the probable nature of the oxide ? (Manchester Univ.) 

12. State the law of isomorphism, and give examples of its utility in fixing the 
atomic weights of the elements. 


Chapter 7 

1 Explain in words the precise meaning of the expression, 

- Mg + H 2 SO* = MgS0 4 + H s " 

(Punjab Univ./ 

2. According to C. R. A. Wright (1874), *' neither the molecular theory nor the 

atomic theory, generally so called, is taken for granted in the formation of 
chemical equations/' Discuss this quotation. # . 

3. Explain the connection between the terms Equivalent, and Atomic weight. 
0-100 grm. of a metal gave on treatment with dilute acid 34-2 c.c. of hydrogen 
measured at S.T.P. Calculate the equivalent of the metal. What further informa¬ 
tion is required in order to deduce the atomic weight ? (Aberystwyth Univ.) 

4. State the law of diffusion of gases, and state carefully the ratio of the rate 
of diffusion of oxygen (molecular weight 321 to that of air (density 14-4). 

5. Ten grm. of water are (a) decomposed by sodium, (6) passed as steam over 
red hot iron, (c) decomposed by an electric current. What volume of gas under 
standard conditions is produced in each case ? 

0. Calculate the weight of anhydrous zinc sulphate and the volume of hydrogen 
at 29°C. and 735 mm. pressure produced by the action of dilute sulphuric acid on 
12 grm. of zinc. Hydrated zinc sulphate on heating to 100°C. loses 37-84 per cent, 
of water, and on heating to a higher temperature G-27 per cent. more. Calculate 
the simplest molecular formula for hydrated zinc sulphate and find how many 
molecules of water are lost in the first heating. (Cape Univ.) 

7 Oxygen is to be obtained from mercuric oxide, or manganese dioxide, or 
from potassium chlorate. What is the cheapest method of making oxygen per 
litre, so far as raw materials are concerned, if 100 grm. of mercuric oxide cost 
3s * 1 kilo of manganese dioxide Is. 8d.; and 1 kilo of potassium chlorate 9s. -d . 

8 The atomic weight of an element M is 50. An oxide of this element is found 
to consist of 53-8 per cent, metal, and 40-2 per cent, oxygen. Calculate the formula 

of the oxide. (London Univ.) . . . , . . .. 

ij Calculate the percentage composition of potassium nitrate, sulphuric acid, 

common salt, phosphine, manganese dioxide. . 

10 C Rammelsberg (1841) analysed a crystalline salt obtained by treating 
antimony pent;• sulphide with concentrated potassium hydroxide, and found: 
K 23-40; Sb. 37-80; S, 1819; O, 7-30; water, 13*30; and he considered these 
numbers agreed satisfactorily with the formula K 3 SbS 4 .KSb0 3 .5Hj0. Is this 
formula in accord with the observed data > 


Chapter 8 

1. Discuss the chemistry of cither (a) lithium, or (b) beryllium, in relation to its 
position in the Periodic Table. (Inst, of Chem.) 

2. Give a historical account of the methods which have been adopted for the 
classification of the chemical elements. Indicate the advantages and dis¬ 
advantages of each method. (London B.Sc.) 

3 Explain the statement that " the properties of elements arc a periodic 
function of their atomic weight." and illustrate it by reference to otic physical and 
two chemical properties. Discuss the chemical resemblances between sulphur and 
(<a) oxygen, (fi) chromium. (Oxford H.S.C.) 

4 Compare the commonest hydrides of fluorine, chlorine, oxygen, sulphur. 
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nitrogen, and phosphorus with the object of illustrating the way in which their 
properties vary with the position of these elements in the Periodic Table. 

5. " The basic properties of the elements become more pronounced as we pass 
down each group of the Periodic Table.** Discuss this statement. (Inst, of Chem.) 

6. State the general characteristics of the magnesium-zinc-cadmium family of 
metals, and indicate their relationships with the alkaline earths on the one hand, 
and to aluminium on the other. (Science and Art Dept.) 

7. What grounds had McndeMcfl for predicting the existence of the elements 
gallium, scandium, and germanium ? (Science and Art Dept.) 

8. Why is manganese included with chlorine in the same group of the 1 eriodic 
Table ? With what elements besides the halogens is manganese related, and how 

is this relationship displayed ? (London Umv.) . . . 

9. What substances stand on the border line between metals and non-metals ? 

Illustrate the facts that such classification is always approximate, and that 
nearly all the laws of chemical combination or chemical relations, like 1 rout s 
Law, are approximately true (New Zealand Univ.l , 

10. Explain how the electronic structures of the elements account lor the 
characteristic features of the arrangement of the elements in the 1 eriodic Table. 
(Inst, of Chem.) 

Chapter 9 

1. Discuss, from the historical standpoint and with regard to present concep¬ 
tions, the use of the term “ clement.' (London H hc.l ... . f 

2. What is the experimental evidence for the electron as a constituent ol the 

atom ? (Durham B.Sc.) , 

3. Write concise but full notes on two ol the following . 

(a) the determination of atomic number, 

(b) the separation of isotopes. 

4. SuTO^^hM^lwrimcnta'l^ccddellcxOoMlic* «!stcnce an,, relative abundance 

theex^rim^t!.idencc* .or tin electron as an -nuc const,t,,cn,t 

and indicate how the electrons in .» given atom can U- tounU 1 (Durl an li£c) 

6. Give an account of the recent determinations of the atomic weight ol I ad 
and expfafn Sc orobabfc reason for the dd.crcnt values obt.uned w.th lead 

obtained from different sources ., ^. s ol , hc structure ol matter, or 

7. Give a concise account of tin modern wc . , , . < ,i lo c i cc _ 

indicatc sonic ol the important applications in 1,10 t> a 1 * 

tronic theory of valency. (Inst of t hem.) • , .... > two 

8. What types of valency arc recognized m modern cheimca Ua. y 
examples of compounds illustrating each type • ■t*' 

electronic formulae. (Inst of Chem.) 

9. Write a short essay on isotopes (Inst, of t l“ i .) g clement. 

10. Describe briefly the signiricance ol the atomic number ol an t.cnunc. 

‘‘Tl* GiveaTa’ccount of the electron theory of valency and discuss the ,,u|ar and 
covalent links in simple compounds, lllustra > 

eX t?'Da S ito ( n regarded U» atom as a homogeneous and 

an account of any evidence within your knowledge whn ‘ ,,m " 1 

that the atom U neither homogeneous nor indivisible (J M U 1 l * 


CHAPTER 10 

.. . tht 



912 


MODERN INORGANIC CHEMISTRY 


solubility of gases in liquids. In what way does the solubility of a gas in a liquid 
depend on (a) pressure, (6) temperature ? (Inst, of Chem.) , .._, 

3. Discuss what happens when (a) a dilute solution, (6) a saturated solution, of 

sodium chloride is slowly cooled. (O. & C.J.B.H.C.) . 

4. How do changes of temperature and pressure influence the solubility ol 
gases in liquids ? Describe how you would determine the solubility of nitrogen 
in water at 20°C. (O. & C.J.B.H.C.) 

5 How is the absorption coefficient of a gas defined ? How would you me^ure 
the solubility in water of (a) oxygen. (6) hydrogen chloride ? (Cambridge H.S.C.) 

6. On what factor does the solubility of a gas or a mixture of gases in water 
depend? At S.T.P. 10 c.c. of water dissolves 0 0489 c.c. of oxygen and 0-0235 c.c. 
of nitrogen. Supposing that air consists of 79 per cent, of nitrogen and 21 per 
cent, of oxygen by volume, calculate the percentage composition by volume at 

S.T.P. of the gas dissolved from air by water. (J.M.B.H.S.C.) 

7. Describe and explain the phenomena of efflorescence and deliquescence. 

(J.M.B.H.S.C.) , , , . 

8. Write a short account of the phase rule, and indicate clearly some useful 

applications of this generalization. (Board of Educ.) 

9. 100 grm. of water dissolve the following quantities of zinc sulphate at the 

temperatures named : 

Temp °C. 0 25 39 50 70 80 90 100 

ZnS0 4 41-9 57-9 70-1 76-8 88-7 80-6 83-7 80-8 grm. 


Plot the results on squared paper so as to show a solubility curve. 

10. Define the terms : degree of freedom, phase, component, and variant, in 
Gibbs’s rule. In the case of a system containing salt and water, and the phases, 
salt, saturated solution, and vapour, how many variants must be fixed in order to 
establish equilibrium ? Discuss the reasons for your statement. (Sydney Umv.) 

11. Plot curves to represent the following tabulated numbers representing the 
number of grm. of salt in 100 grm. of water at the temperatures named . 


Temp.°C 0 10 20 30 

Xa 2 S0 4 5 0 9 0 19-4 40-0 

K-alum 3-9 7*5 15-1 22*0 


40 50 00 70 80 90 100 

48-8 46-7 45-3 44-4 43-7 43-1 42-5 

30-3 44-1 6G-0 90-7 134-5 209-3 257-5 


Answer bv reference to the resulting diagram ; (a) two saturated solutions 
contain 20-5 grm. sodium sulphate and potash alum respective!v in I0< Rrni. 
of water. At what temps, were the two solutions made up ? (o) a saturated 
solution of potash alum in 100 grm. of water was made up at 04° C .and another 
of sodium sulphate at 72° C If both solutions were cooled to 15 C. how many 
more grm. of potash alum would separate out than of sodium sulphate . 1 Stans 
County Major Scholarship.) 

12 - Sodium sulphite Na,SO s .7H t O. lorms colourless monoclinic crystals, with 
a saline taste and alkaline reaction The crystals effloresce in dry air ; they are 
soluble in water ; and become anhydrous when heated to 150® C. At a higher 
temperature the crystals decompose, forming a yellow liquid.’’ Explain the words 
in italics in this quotation. 

13 Explain the meaning ol the terms, saturated solution, solution, and 
crystallization. Show how it can be proved experimentally that hot water is 
generally a better solvent than cold water. (Cape Umv.) 

14. If the solubility of sodium chloride in water at 20® C. is 35-0, how much water 
will be needed at this temperature for the solution of a kilogram of the salt ? 

15. The absorption coefficient of nitrogen dissolved in water is 0-0152 at 12-0 C. 
What volume ol the gas measured at standard temp and pressure is absorbed 
by one litre of water at 12-6° C. at each of the following pressures : 1000 mm.. 
748-2 mm.. 391 mm and 14*3 mm.? (New Zealand Umv.) 

10 Water at 15° can absorb 750 times its volume of ammonia. What mass of 
ammonia can be dissolved in one litre at 15® under a pressure of 10 atmospheres, 
the volume of one grm. of ammonia at 0® C. and a pressure of 7G0 mm. being 1317 
c.c.’ (Sydney Univ.) 
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Chapter 11 

1. Give a precise account of the freezing of pure substances and of -solutions of 
pure substances; showing in detail how the facts afford a quantitative knowledge 
of the condition of dissolved substances. (Durham Inter B.Sc.) 

2. Give an account of the procedure involved in the determination of the osmo¬ 
tic pressure of a concentrated solution of cane sugar. (London B.Sc.) 

3. The aqueous solution of a certain non-electrolyte containing 0-3 grnv of 
the substance per 100 c.c. has an osmotic pressure of 81 mm of mercury at 30 C. 
What is the molecular weight of the substance ? (London B.Sc.) 

4. When 0-3 grm. of a substance with molecular weight l >0 is dissolved in 42 
grm. of a certain solvent, the freezing point of the latter is lowered by O -.U C. 
When 0-27 grin of another substance is dissolved in r»0 grm of the same solvent 
the observed depression of the freezing point is 0-218 < Calculate the molecular 

weight of the second solute. (London B.Sc.) 

5. What is the evidence for the view that the solute molecules in a dilute solution 
behave like gas molecules ? Assuming that the osmotic pressure 1 of a dilute 
solution is given by P = KTc (c = concentration of solute in grm molecules per 

litre) deduce Raoult's Law (Inst of < hem.) 

0. Describe how the osmotic pressure ot <hlute sugar solution may 
titatively demonstrated State how the osmotic pressure ol such a *o “Iron (a) 
varies with temperature. (6) is related to the molecular weight ol the solute 

in detad how the molecular we.ght ol a non-v 
oe determined by observations of the freezing p"ints " 1 > * 

out all the precautions necessary ,ii ,nn*r im» it 

A solution of 8-'»f> grin, of cane sugar < ijDjs n 1,1 f* ’ . JM) , ‘ j 

-0-472- C. and a solution ol 7-24 grm ol an unkrioun ,ul»ta ice in HW 
water at -0 003° C Calculate the molecular weight of the unknown 

NVha't^dp you understand experinients^wldc^dlustrate 

certain solution is H cm. of mercury/ ucscnik 

osmosis, and state the laws of osmotic pressure , t yu Ml | 0 litres 

An aqueous solution which contain. ■ 

has an osmotic pressure of .*00 nun at " 1 • ‘ a ., proximAt e freezing point 

the state of the substance in solution • j 0 , , (J v (Oxford 

of the solution. (Molecular depresston for water = l« » ,or luu * rm ' 1 

H.S.C.) 


«. Describe the effects produced by ^L^can^ given 

boiling and melting points of water. \N hat ‘M* 1 ,l ., V t.i v dissolve 
ences observed when common salt and sug.u uc ts l ' . concen 

pure water to form dilute solutions of the -m c | m ,l " u I >lv ! » 
what other properties of solutions doc< this ^planat• n a qdy . 

10. Give in account ol the expenmen..,I 


account of the exj 

accurate measurement of osmotic ..""J/nnc- tioii with the pressure of a 

11. What is osmotic pressure H ,IS V . vapour pressure and il- osmotic 

gas? Alcohol is said to be normal m r« g. , * j v L oU J pu-ssurc and osmotic 

pressure; ammonium chloride has an a .. >r(|| » alu | •• abnormal ” used 

pressure. Explain the meaning of the term, 
here. (Sydney Univ.) 


substances on the 
of the differ- 
d in sufficient 

'molecular concentration ? lo 

(Punjab Univ.) 
used lor the 


Chapter 12 


of the electrical con- 


1. Describe with practical details the dettrminafi 
ductivity of an aqueous salt solution column ol N/10 silver 

A potential ditllrence of 20 volts applied to the * “™" lt of 0 .,« m amp. 

nitrate. 4 cm. in diameter, and 1- cm. *" B1 !|uctivitv of the solution (London 
Calculate the specific and equivalent conductivity 

B.Sc.) 
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2. Outline the evidence for the existence of ions in aqueous solutions of elec¬ 
trolytes. (Durham Inter. B.Sc.) 

3. Discuss in outline the modem ionic theory and its applications in chemistry. 
(Inst, of Chcm.) 

4. State the laws of electrolysis. Describe and explain what occurs when a 
current of electricity is passed through cells containing solutions of (a) sodium 
chloride. (6) copper sulphate (with copper electrodes), ( c ) sodium acetate. (Oxford 
H.S.C.) 

5. State as clearly as you can the Arrhenius theory of electrolytic dissociation, 
pointing out the evidence in favour of the theory, aDd also any facts which it fails 
to explain. (J.M.B.H.S.C.) 

C. What is meant by electrolysis ? Illustrate your answer by reference to the 
electrolysis of aqueous solutions of metallic salts. (St. Andrews Univ.) 

7. Give an account of the ionic theory of solution, stating clearly the facts on 
which it is based. (Aberystwyth Univ.) 

8. A current passes simultaneously through acidulated water, a solution of 
copper sulphate, and molten silver chloride. What substances are produced in 
each cell, and how many grm. of each in the time that 10 c.c. of hydrogen are 
liberated from water ? (New Zealand Univ.) 

0. H. J. Gladstone and W. Hibbert (1S89) passed the same current of electricity 
through solutions of zinc and silver salts, and obtained quantities of these metals 
in the ratio Zn : Ag = 1 : 3*298. If the equivalent of silver is 107*88. what is that 
of zinc ? 

10. One and the same electric current is simultaneously passed through 
solutions of (a) hydrochloric acid. (6) copper sulphate, (c) silver sulphate. Draw a 
diagram of the apparatus required, and indicate what products would be obtained 
in each case. Calculate also the weights of these products which would be 
formed during the time that 1000 c.c. of dry hydrogen (at N.T.P.) were collected 
from the hydrochloric acid solution. (London Univ*.) 

11. llow do you account for the difference in the nature of the products of 
electrolysis of a given substance with electrodes of different materials ? Illustrate 
your answer by reference to the electrolysis of sodium chloride and copper sul¬ 
phate. 


Chapter 13 

1. The heats of formation of ferric oxide and aluminium oxide being 195,600 
cal. and 293,000 cal. respectively, calculate the heat of reduction of ferric oxide 
by aluminium. (London B.Sc.) 

2. What do you understand by the term *' thermal dissociation " ? Describe 
and explain how changes in pressure affect the equilibrium between the following 
substances and their dissociation products : hydriodic acid, nitrogen peroxide, 
calcium carbonate. Show how the degree of dissociation of nitrogen peroxide 
may Ik* calculated from a knowledge of its vapour density. (Oxford H.S.C.) 

3. Explain the meaning of the terms " heat of combustion." and " heat of 
formation." What information about the combustion of carbon and carbon 
monoxide can be gained from the following equations ? 

C + O t «= CO, + 96 K, 

2CO + O a = 2CO a + 136K. 

Deduce the amount of heat involved in the production of 1 litre of carbon monoxide 
from its elements (volume at S.T.P.). Calculate also the thermal value of the 
reaction 

CO f + C = 2CO. (Oxford H.S.C.) 

4. What is meant by the terms " endothermic ” and " exothermic " com¬ 
pounds ? To what class do substances known as explosives belong ? Account 
for the great activity of ozone compared with that of oxygen on thermochemical 
grounds, aud for its resolution into oxygen by compression (Science and Art 
Dept.) 
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5. What is the heat of formation of zinc chloride in solution when the reaction 
is given by : 

Zn + 2HCI*, - ZnCV, + H, + 3-1-4 cals, 
and the heat of formation of an aqueous solution of hydrogen chloride, is given 
by the equation : ^ + ^ _ 2HCJ + ca)s , {Frcnch Coll., 

0. How may a chemical reaction t>e modified so as to rcpresent not only a 
redistribution of matter, but also a redistribution of energj ■ -I' ' , 

meant by the heat of formation of a compound From the « o«>ng data find 
the heat of formation ol acetylene : When 24 arm. of carbon 2 K ™ v ™ n \u40w' 
and 20 grm. oflacetylene are burnt separately in an itNcess of oxygen. 1J4.UUU. 
68,000, and 310.000 cals are respectively evolved. (Cape Lmv.) 

7. Find the amount of heat K liberated in the reaction. 

AICI, + 3Na = 3NaCI + A1 + xK. 

The heat of formation of aluminium chloride is 1010 K. and of sodium chlonde 

91 8 What amount of heat is evolved when 40cSH!"aJ31* 
with an excess of water, given the heats of forma «» 

S0 9 iU Fin h d y rirehea{'oi 4 5 * 7 * 9 10 formation of acetaldehyde (C.H.O, Iron, its elements 
when it is (a) liquid and (5) gaseous. 

'T>eis • 

(H„ O) liquid 08-4 Cals.; (H„ O) gaseous a8-< Cals.. 

(C x H 4 0, 50) gaseous. 260 0 Cals. 


Chapter 14 

1. Outline the chief phenomena of Vriou ^/hklT have Vkh-i. advanced 

and indicate the explanations of catalytic action *mcn 

(Durham B.Sc.) f M Action. (London B Sc.) 

2. Write a historical essay on tl» I- * ' . Chatelicr's Theorem lllus- 

3. Give a statement of the principle knov^ “f < h em , 

tratc its widespread applicathm bv i-air a 1 ; „henomeiioii ol catalysis. 


4. Outline the more important N " u '' 11 * H '*V Vonnorl.inc «* (Inst of t hem l 

illustrating your answer by examples '► »'»« cx|K . r i (1 ient^ which could 

5. What is meant by a reversil* • re. librium ol changes in («> 

be carried out to illustrate the d cct on c .hkuI ■ y & c , IUI.C) 

temperature. (6) the concentration. ol t »c tli ^ K - l|lol , •* > 

0. What do you understand l»> the „ cll the equilibrium between the 

Describe and explain how change m p«^ ' cts • i.ydriodic acid, nitrogen 

following substances and their <hs> < K i..Uon P^iucis . > 

peroxide, calcium carbonate. (Oxford i - > meant by a balanced 

7. Explain, giving illustrative application to the examples 

reaction State Le Chatelicr's Principle and mio» 11 

you have chosen. (J.M B.1I S C.) . .i,, tween iron and steam is 

8 Describe 
reversible, 
the reversibility 

9. What 
ment 
neccss< 
accordance 

10. What uu you .. - j ..insi* of the a«non 

and point out the conditions alle» img " ’ .|, S sociation. kinetic equilibrium, 

11. Define and give examples ^ (Princeton Univ.) 

reversible reaction, electrolysis, and reduction, 
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12. The rate of chemical change may be altered by [a) temperature, (6) catalysis, 
and (c) solution. Describe accurately one experiment illustrating the change in 
rate of reaction which may be brought about by each of these factors. (London 
Univ.) 

* Chapter 15 

1. What is meant by the strength of an acid ? Describe the different methods 
which have been employed in ascertaining the relative strength of two acids. 
(London B.Sc.) 

2. What do you understand by the term " solubility product " ? Explain the 
importance of this quantity in qualitative analysis. (Inst, of Chem.) 

3. Discuss briefly the meaning of the terms *' strong ” and “ weak ” as applied 
to acids. If you were supplied with a normal solution of an acid, describe with 
necessary detail two experiments you would carry out to decide whether the acid 
was a strong or weak one. (Cambridge H.S.C.) 

4. What is Ostwald’s Dilution Formula for weak electrolytes ? Deduce it 
theoretically, and explain clearly how the constant is experimentally obtained. 
(St. Andrews Univ.) 

5. In terms of the ionic theory, what is a strong acid ?—a strong base ?—a 
weak acid ?—a weak base ? In these terms classify the following: HC1, 
NH 4 OH. KOH. H t S, H 2 COj, Al(OH) 3 . (Amherst Coll., U.S.A.) 

0. How is the following phenomenon explained ? When dilute solutions of any 
strong acid and base are mixed together in equivalent proportions, approximately 
the same amount of heat is given out (13,700 Cals ), although the heats of forma¬ 
tion of the various salts formed have very different values. (Madras Univ.) 

7. What is an indicator ? Give some account of the theory of indicators as 
employed in acidimctry and alkalimetry. 

Chapter 16 

1. What are crystalloids and colloids ? Give examples. Discuss some of the 
most important properties of colloids. (Durham B.Sc.) 

2. Give an account of the chief methods available for the preparation of a 
collodial solution What are the characteristics of such solutions. (London 
B.Sc.) 

3. Write a concise account of the collodial state with particular reference to 
the distinction between colloids and other forms of matter (Inst, of Chem.) 


Chapter 17 

1. Write an essay on the effects of intensive drying on physical and chemical 
properties. (London B.Sc.) 

2 What is meant by the terms temporary' hardness and permanent hardness of 
natural water ? How would you compare these ? How would you treat a water 
for boiler purposes which contains substances producing both temporary and 
permanent hardness ? (London B.Sc.) 

3. Describe three modern methods for the production of hydrogen on an indus¬ 
trial scale, and discuss its use in processes of technical importance. (Inst, of 
Chem.) 

4. How is atomic hydrogen prepared ? Give some account of the isotopes of 
hydrogen (Inst, of Chem.) 

5. What processes are in common use lor the removal of hardness from water 
for industrial purposes ? (Inst, of Chem.) 

6. Describe how you would prepare in the laboratory' as pure a specimen of 
hydrogen as possible. Give reasons for what you would do. Give an account of 
the industrial uses of hydrogen. (O. & C.J.B.H.C.) 

7. Describe the preparation of a concentrated aqueous solution of hydrogen 
peroxide starting from a metallic peroxide Mention two other reactions in which 
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hydrogen peroxide is produced. How does hydrogen peroxide react with three 
of the following : (a) sodium carbonate, (6) titanic sulphate, (c) chromic sulphate, 

(d) chlorine ? (Cambridge H.S.C.) , . . wu * 

8. Indicate by means of equations four methods of preparing hydrogen W hat 

weight of zinc is required to produce 100 litres of hydrogen gas measured at 
27° C. and 680 min pressure ? (St Andrews Univ.) . 

9. How would you proceed in order to find the volumes in which hydrogen and 
oxygen combine to form water ? What modification o your 

you make if you were asked in addition to measure the volume of steam formed 
What volume ol gas is formed when 72 grm. of water are decompose^ (a) electro- 
lyticallv (b) by means of sodium, ( c) by heated iron (\ ictona J- nlv ) 
y 10. How would you prove that the composition of water may ^ > 

the formula H O > Mention everything that this formula implies hat volume 
^uldOgrmoV vapour occupy at 273* C. and 380 mm. pressure? (Aberdeen 

Un i7what facts would you adduce to prove that the mokento 

combustion of hydrogen 

an ?3°« r^ r ch,if p^ ^SJnpt^xide ? 2 ,.,, of a solution 

o» this substance after acidification With dilur percentage of hydrogen 

of 1/10 N potassium permanganate Calculate the percent.. > 8 

peroxide in the solution. (St. Andrews l nij ) instances known to 

14. How is hydrogen peroxide prepared . Mention What is 

you of its action: (i) as an oxuli/mg [ much OX ygen as a molecule of 

the evidence that its molecule contains t 
water ? (London Univ.) 

ClIAFTUK 18 

i of ozone. How was the composition 

l Describe the preparation and propert V h (J) m ,. rcury . </„ finely divided 

of ozone ascertained ? How <ms ° /onc 1 ' . . |jrs w | lcn ozonized oxygen is 
silver, (c) a solution of potassium iod.de ? \\ hat occur* 

strongly heated and cooled? (London In t . - Describe the action of 

2. How would you prepare oxygen in very (0xford Univ.) 

oxygen on (a) hydrogen, (b) phosplmnr . ( { con verted into c 

3. Discuss the conditions under wI.k■ ,„,ke use ol the f 

(b) ozone converted into oxygen U ,M - r *» w . , oniiio.>itioii of o/i 

of ozone on 
oxygen. How 
starch iodide paper 

H S.C.) .. vl .i .tjnn “ and " reduction. State 

4. Explain the meaning of the terms - • ^ uaU together, and point 

the conditions under which the following , . m j .eduction: (a) chlorine 
out in each case how the reaction '" vo h ir “l.oxide. it) lead diox.de and 
and ammonia. ( b ) hydrogen sulphide and ''I''"/'. h.s.C.) 

sulphur dioxide t) copper and sulphuric ^' famlmug 

« There arc reasons to believe that the ec|uat,ons 

2KCIO, —KCI +, KCIO. + O, and 
KCIO« KCI + -°* 

do not actually represent the decompositionthe validity of these 
Describe the experiments you would make m oruc 

equations (New Zealand • mv.) . In what way is the composition 

«. Write an account of the chemistry of -rone 
ol ozone deduced ? (St Andrews 1 CO uld distinguish between ozono and 

7. Describe two experiments by whid V c 1 
ox ygen mixed with a little chlorine ' 


ozone. 

ICtlOII 


nverted into oxygen l .sc J, UK . the coni|>o>ition of ozonized 

potassium iodide solution of a s F u..,c" of air on 

>w would you dis*over whither f c |j| onllc > (Oxford 

e naper were due to traces of oiom or trace 
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Chapter 19 

1. Describe and comment on the experiments which serve to elucidate the 
nature of flame. (Durham Inter. B.Sc.) 

2. What is the action of (a) carbon dioxide, (b) steam, upon red-hot carbon, and 
what is the importance of these reactions for technical purposes? (O. & C.J.B.H.C.) 

3. Give two methods for preparing carbon dioxide. What are the properties of 
this substance ? How would you determine (a) its composition, (6) its molecular 
weight ? (Oxford H.S.C.) 

4. Give an account of the natural phenomena that follow from the fact that 
carbon dioxide is soluble in water. (Oxford H.S.C.) 

5. How would you prepare carbon monoxide in the laboratory ? How is it 
obtained on a commercial scale ? What is its action on (a) ferric oxide, (6) nickel, 
(c) chlorine ? 

Mention the conditions necessary for chemical reaction in each case. (London 
Inter. B.Sc.) 

6. What do you know of the reactions which occur when coal gas is burnt in a 
bunsen flame ? Describe experiments which could be performed in support of 
your statements. (O. & C.J.B.H.C.) 

7. How is sodium (or potassium) cyanide prepared on a large scale, and for 
what purposes is it employed ? (Oxford H.S.C.) 

8. How is water gas produced ? For what purposes is it used ? Assuming that it 
consists of equal volumes of the two main constituents, calculate (a) the volume 
in litres produced per grm. of carbon consumed, (5) the volume in cubic feet of air 
necessary to burn one cubic foot of the gas, [c) the volume of gases produced by 
combustion of one cubic foot, at S.T.P. (Oxford H.S.C.) 

9. Write an account of the part played by carbon in three natural processes. 
(J.M.B.H.S.C.) 

10. Give the chief chemical and physical properties of CO. and CS t . (Owen’s 
College.) 

11. Explain how the quantitative and qualitative composition of carbon dioxide 
and carbon monoxide have been ascertained. (St. Andrews Univ.) 

12. The acid formed by dissolution of carbon dioxide in water might have its 
structure represented by the formula CO(OH) s or C(OH) 4 . State fully the evi¬ 
dence on which the existence of carlxmic acid in such a solution may be assumed, 
and give the evidence in favour of both these formulae (Board of Educ.) 

13 How do you account for the fact that in spite of the large amount of oxygen 
consumed in respiration and combustion, the percentage of oxygen in the atmo¬ 
sphere remains practically unaltered ? (Viet Univ.) 

14. Give an account of the manufacture and purification of coal gas. What are 
the principal constituents of the gas supplied to houses for domestic use ? 

15. 10 c.c. of a gaseous hydrocarbon are exploded with an excess of oxygen. 
A contraction of 15 c.c. is observed. After the explosion, a contraction of 20 c.c. 
is observed on treating the resulting gases with potassium hydroxide solution. 
What is the molecular formula of the hydrocarbon ? (Customs and Excise). 

1G. Describe properties of carbon which tend to show that diamonds could not 
have been formed at a temperature at which pure iron melts How would you 
show that carbon dioxide is a compound of carbon and oxygen, and that it contains 
very nearly its own volume of oxygen ? (London Univ.) 

17. What is charcoal, and how can it be made on a large scale ? Describe the 
differences between peat, lignite, bituminous coal, anthracite, and graphite. 
(Bombay Univ.) 

18. Give three reasons lor the non-luminosity of the flame of a bunsen burner. 
When will such a flame strike back ? What causes the luminosity of an ordinary 
gas flame ? Why does the amount of carbon dioxide in the atmosphere remain 
practically the same ? (Cornell Univ.) 

19. Describe the construction ol a Davy Lamp, and indicate the principles on 
which its action as a safety lamp depends. (London Univ.) 
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I. Describe three reactions by which nitrogen can be made to combine with 
another clement. Explain the importance of one of these reactions. (U. 

C '2. dSchL a process ior converting the nitrogen o! the atmosphere into' nl ‘ rat “- 
State briefly how sodium nitrite may be obtained from the nitrate. By "■ hat test 
could you distinguish between these two compounds ? (O. ft: t J h.m.v.. 

3. Under what conditions and with what results does nitrogencombine * th 
(a) hvdroeen (b) oxygen (c) magnesium, (if) calcium carbide > (London B.Sc.) 

' 4 GWe 8 an account of thi processes used in the fixation of atmospheric nitrogen. 

( °6.^ What'happens when a senes of sparks is passed through a mixture of nitrogen 

"^Describe'briefly*how°one of .. react,on, is —- £$ 

atmospheric nitrogen. What reaction** would you use . Kl j*> (Oxford 

pure specimens of nitric oxide and nitrogen peroxu e ° 

“t How would you prove that nitric acid act, both as an oxidising and as a 

r 1 U t5c a fnu^rat^s d o 0 , n the , U. , ,.,v,our of dil.erent metals towards nitric acid. 

U tire’action o, concentrated n.tnc acid on iodine, and sulphurous 
acid solution ? (St. Andrews l niv ) . 4 | w j iell each of the following 

9. What is observed, and what pi* ►dint a * » ^curs is complete: copper 

nitrates is heated until any decompositi n mtr.ite ? How would nitro- 

nitrate. mercuric nitrate, ammonium 

gen be isolated from one of these nitrates (* 14 1 . | orij j c n v rN j H: riinent it is 

10. Calculate the vapour density ol annuo • U twieii the calculated 

found to be 13*345. How do you explain support of 

and the observed results ? Can you gi'e .« > 1 , > (Science and Art 

your explanation ? Do you know of any other similar tas 



of ammonia ? (Board of Educ.) 


1. Discuss with the help o, gr«; «- ..... 

between the; different forms ol sulphur (i " . <. ivt .„ , rude- **»ilphui con- 



thiosulphate 

^ | » ^ | | y 

chemistry of the compound's of sulphur. > Under what conditions 

4. How is sulphur dioxide prepared oil a •. ^ j lcJ1 sU lp|mr dioxide is passed 

does it react with oxygen ? What re.u- so | M tion (cl all acidilutl solution of 

into (a) chlorine water, (b) hydroge n julpl .de solut. >«». 

potassium dichromate? (O. &C.J B I •) a dibasic aciel. ((•) a reducing 

6 . Hydrogen sulphide in aqueous *>•'■ ,| v >is Justify the description ami 
agent, (c) a useful reagent in qualitative amov t ^ 
quote experiments in illustration J 
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6. Give an account ol the lead chamber process for the manufacture of sulphuric 
acid. (O. & C.J.B.H.C.) 

7. Describe and explain three different chemical reactions of sulphuric acid. 
(O. & C.J.B.H.C.) 

8. Describe experiments to demonstrate that sulphuric acid is ( a j a dibasic 
acid, (ft) a dehydrating agent, (e) an oxidizing agent. Why is sulphuric acid 
sometimes used in preparing other acids from their salts, and what are the 
limitations of this method of preparation ? (Cambridge H.S.C.) 

9. Give an account of the occurrence of the element sulphur and its com¬ 
pounds in nature. Describe the preparation and properties of the various modifica¬ 
tions of sulphur. (St. Andrews Univ.) 

10. What do you know regarding the general behaviour of metallic sulphides 
towards (a) water, (b) hydrochloric acid. ( c ) caustic soda ? Give equations. (St. 
Andrews Univ.) 

11. You are required to convert a given weight ol sulphur into hydrogen 
sulphide as completely as possible How would you proceed ? What are the 
reactions of gaseous hydrogen sulphide respectively with (n) gaseous ammonia. 
(6) aqueous sodium hydroxide, (c) aqueous copper sulphate, and ( d ) gaseous 
sulphur dioxide ? (Univ. North Wales.) 

12. How does sulphur occur in nature, and how is it obtained as stick sulphur 
and flowers of sulphur ? Describe the changes which sulphur undergoes when 
heated and give some account ol its allotropic forms. (New Zealand Univ.) 

13. Describe the preparation of crystalline specimens of (a) normal sodium 
sulphite. (6) sodium thiosulphate, from sodium hydroxide, sulphur dioxide and 
sulphur. 

Write the equation lor the reaction between iodine and sodium thiosulphate. 
Hence calculate the weight of the hydrated salt required to make 250 c.c. of a 
decinormal solution. (Oxford H.S.C.) 

14. Explain the reaction involved in the production ol sulphuric acid in the 
“ Chamber Process '* and the means adopted to prevent the escape of nitrous 
gases into the atmosphere. Give two illustrations of the use of sulphuric acid as 
(a) a dehydrating agent, (6) an oxidizing agent. (Sheffield Univ.) 

15. What happens on heating with sulphuric acid, (n) manganese dioxide, 
(ft) cuprous oxide; with nitric acid, (n) black oxide of iron, (ft) red lead ; with 
hydrochloric acid, (a) red oxide of iron, (ft) black oxide of manganese ? (London 
Univ.) 


Chapter 22 

1. Show how fluorine ditiers in chemical behaviour from the other halogens, 
and give any explanation you can of its abnormality. (Durham B.Sc.) 

2. Write explanatory notes upon the following reactions and show how they 
illustrate the general chemistry of iodine: 

(a) Iodine and sulphurous acid, 

(ft) Sodium iodide and nitrous acid, 

(c) Iodine and aqueous sodium hydroxide, 

(e) Iodine and aqueous sodium iodide. 

(*) Iodine and concentrated nitric acid. 

(Durham Inter. B.Sc.) 

3. Give an account ol the oxides and oxyacids of the halogens. (Durham 
Inter. B.Sc.) 

4 Outline the methods by which the halogens can be isolated lrom their com¬ 
pounds and with th»* aid of a tabular statement of the formulae and properties 
of their compounds indicate, (a) why the halogens are regarded as a family of 
related elements, and (ft) what important di(Terences exist among them. (Durham 
B.Sc.) 

5. Compare the chemistry ol iodine with that ol the other halogens. Explain 
how pure iodine may be prepared from crude iodine. (O. & C.J.B.H.C.) 

0 Discuss and comment on the following statement: "The economic disposal 
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of by-product chlorine is one of the problems of industrial chemistry. (Cam¬ 
bridge H.S.C.) , W1 . 

7. Describe and explain the behaviour ol an aqueous solution of chlorine, a 

when exposed to sunlight. ( b) when distilled. (, c) when added to a cold solution of 
sodium hydroxide, (d) when added to a suspension of chalk. (<*) when added to a 
suspension of yellow mercuric oxide (I.ondon Inter. Ls.bc.) . , 

8. Why was fluorine regarded as an element and classed with the halogen 
before it had been isolated ? Give a brief account ol its clicnma < I > 

w.rarasss ss 

saltpetre manufacture. W hat action has each ol the o o k Suecifv 

the element : nitric acid, chlorine, potassium chlorate, su p m <• ' • ' • ^ 

the conditions needed for each of the reactions given. ^ \ , Summarize 

10. How does fluorine occur naturally and how may the 

the main points of the chemistry of this element which justify placing 

halogen group (Inst, of ( hem ) haloecns and write notes on those 

11. Tabulate the oxygen compounds ol the h. k importance, 

which arc remarkable either for theoretical into *s I 

“w.' Write'a*short account o. the chemistry o. the compounds ol iluonnc- with 

(o) oxygen, and (h) the other halogens ' » s * v J! “ , n(!lc acl< i. potassium 

13. Give an outline of the methods by w h tl > jod(|lv Dt 4 ri bc and 

iodide, (c) hydrogen iodide, may be prepare* ^idorinc. (6) copper sulphate 

explain how potassium iodide solution reacts *Mth(jOcmonne. > it 

solution, (c) mercuric chloride solution ( ' ,,r * ' les of fluorine, bromine 

14. Outline the preparation and ^.Vi^nV iodine exhibit* basic 

and iodine. Adduce evidence to support the tX^cnu uK i 

properties not shown by the other halogens ( 

Chapter 23 

1. Describe experiments by means ol whu h J t C tVio*air*mixture and not a 
determined. On what evidence is it concluded that tlu air 

compound ? , .. # i im( . (calcium oxidei . a seccnd 

2. A given volume ol air is left in co'itac (>f (l . rroMS sulphate Carefully 

volume of air is shaken up with acidified - reagent in each case 

describe the changes which occur m the a.r and in k 

(Univ. North Wales.) ntmosnherc and describe the part which 

3. Name the gases which form the . I |,| C (Tasmania l niv.) 

each plays in connection with animal an* /\ * t s an< | the part they have 

4. Give an account of the discovery o * ^ t }* |tf «.|i. m r«its (London Inter 

played in the discovery of the classiii • 

B.Sc.) ....r..n.-His ol Cavendish on the com* 

0. Give a succinct account ol the «ar > «-*l’' 0 j | OI ,| Kayleigh and ITof 

Position of the air, and the further « \|-' constituent of the atmosphere 
Ramsay which led to the discovery ol •» «‘ c " 

(Science and Art Dept ) 1 iniilv in the Periodic Classification 

6. Discuss the position of the helium lamiiy 

(St. Andrews Univ » 


CHAPTER 24 


- . ., illllt lor the various methods that are used in 

1. Enumerate, exemplify and accou ( Ju . n| » 

the extraction of metals from their ores - . . tjic c( ,nccntiatioii ol metallic 

2. Summarize the methods which an • I I ( , r ,,, them and describe their 

ores in preparation for the extraction of the mctai 

application to the case of one common nit . ol the common commercial 

3. Give an account ol the occurrence » ^ nal|irv ;ilu | indicating briefly 

metals, classifying them according to »< . . f orc . smelting depends, 

th* principles upon which selection ol a | • 
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Chapter 25 

1. What is the chic! natural source of potassium ? Describe how pure potassium 
chloride is obtained therefrom and how this material is subsequently converted 
into potassium carbonate. 

Contrast the chemical properties of potassium with those of sodium. (Durham 
I3.Sc.) 

2. Describe the Solvay ammonia-soda process lor making sodium carbonate 
from sodium chloride. Why should there be such a great demand for sodium 
carbonate ? (London Inter. B.Sc.) 

3. Describe concisely with diagrams how (a) sodium carbonate. (6) sodium 
hydroxide, are obtained from common salt. (O. & C.J.B.H.C.) 

4. From what minerals are the salts of potassium prepared and where do they 
occur ? How is potassium nitrate prepared from potassium chloride ? How 
would you show the presence of potassium in the presence of a mixture of calcium, 
sodium, and potassium chlorides ? (Aberdeen IJniv.) 

5. Name two compounds containing lithium and describe the preparation of 
lithium chloride from one of them. In what respects do lithium compounds 
resemble or diller from corresponding derivatives of other alkali metals ? (Board 
of Hduc.) 


Chapter 26 

1. Give an account of the chemistry of silver and its compounds. Contrast 
the behaviour of silver with that of other metals forming monovalent cations. 
(Oxford Univ.) 

2. To what properties is the usefulness ol copper due ? Starting with copper 
sulphate solution, how may (n) cuprous chloride. (6) cuprous iodide, and (c) metal¬ 
lic copper, lx; prepared ? (O. & C.J.B.H.C.) 

3. Describe the successive phenomena observed when ammonium hydroxide 
solution is added drop by drop to a solution of cupric sulphate and indicate by 
formulae or equations the nature of the changes that occur, i.Massachusetts 
Poly tech.) 

•1 («) In the laboratory you passed dry hydrogen over copper oxide which was 
heated in a tube. How does this experiment illustrate: a synthetic reaction; 
an analytical reaction ; oxidation and reduction ? (b\ If you started with an 
unknown mixture of copper oxide and copper, say 10 grm., and after heating 
and passing hydrogen over it. the resulting weight of pure copper was 9*2 grm., 
how much of the original weight of the mixture was copper oxide and how much 
was metallic copper ? (Worcester Poly tech., U.S.A.) 

ft. (.i) Show the analogy between the reactions of copper on nitric acid and 
copper on sulphuric acid. (6) Wh.it products are formed when the concentrated 
sulphuric acid is warmed with potassium iodide ? (c) What reasons have you for 
thinking that no nascent hydrogen is formed in the reactions mentioned under 
(<j) ? (Amherst Coll., U.S.A.) 


Chapter 27 

1. What are the chief compounds of calcium occurring in nature and for what 
purposes are they used ? 

liow and under what conditions does calcium hydroxide react with (a) sodium 
carbonate. (M chlorine, (c) carbon dioxide. (O. & C.J.B.H.C.) 

2. Briefly describe the chief properties of the metal calcium. In what way and 
under what conditions does slaked lime react with (<i) sodium carbonate, (6) 
chlorine, (r) ferric chloride. (</) sulphur? (London Inter. B.Sc.) 

3. What are (<i) plaster of Baris, (b) Portland cement ? How are they made 
and how do you explain their setting ? (Inst, of Chem.) 

4 Compare the properties of beryllium, mugucsium, and the elements of the 
alkaline earths, (lust, of Chem.) 
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5. How is metallic calcium obtained trom calcium chloride ? Mention tuo 
naturally' occurring compounds of calcium other than calcium carbonate and 
state the use of one of them. Outline the preparation of (<i) anhydrous calcium 
chloride, (fc) calcium carbide, (c) calcium sulphide, (d) calcium cyanamide. 

^ ^What^squick-lime ? How is it obtained ? What takes place (a) when lime is 
mixed with water ? (b) when it is heated strongly with sand ? (c) when it is 
exposed to carbon dioxide gas ? Give equations. (Aberdeen Univ.) 

7 Give the names and formulae of the four principal minerals containing 
calcium. How is metallic calcium prepared ? By what reactions would it be 
possible to prepare from the metal specimens of (<*) calcium hydroxide. (&) calcium 

carbonate, (c) bleaching powder ? (London Univ.) ... . . 

. 8 How does calcium occur in nature ? What arc its principal compounds in 

everyday use. and how are they made from naturally occurring compounds ? How 
is metallic calcium made ? Give the formulae of the typical salts of calcium and 
the ions formed on solution of these salts in water. (Sydney Univ.) 


Chapter 28 

1 What are the chiei ores of zinc ? Describe in detail the extraction of the 
metal from one of these ores, and indicate the industrial applications of zinc and 

itS 2 C °Ho P wdoe S mercury* occur'in nature and how . ,t obtamed Iron, its ores ? 
How would you prepare chemically pure mercury from a commercial specimen ? 

‘‘TlSSUritetKcurrence. isolation, and properties ..I the metal cadmium 
Show that in chemical behaviour cadmium resembles rim: and mercury (London 

B ! C 'Compare the chemical properties ol the elements r.inc. cadmium, and 

m ^ Cl How n ^an* 1 mercuric'amT'mcicuruu-T chlorid"^ obtained Irom mercuric 
j . . > what is the action of mercuric chloride solution with solutions; of 

(a)potassium iodide. ( b) stannous chloride, f O ammonia. Ul) sodium hydroxide ? 

(L S n Mercury forms two classes ol salte-mcrcurous and mercuric salts lllus- 
tmte hv Examples how these salts diller in composition Irom each other How 
would you d'scover whether a given merc ury salt was mercurous or mercuric 

salt ? (London Univ ) t al mercury and ol its l>chavtour towards the 

formulae and .he lames (systematic and trivia.) of its 

C, ‘« 1 NamcThc'principai'orcsoOinc and describe the production o. the pure metal 
h. P-ainc me i I rt . act with («) a solution of sulphur dioxide, (b) 

ddutc*sulphuric acid, (c) a solution of copper sulphate, (d) dilute nitric acid ? 


Chapter 20 

1 Describe in detail the production ol aluminium and indicate the various 

“7 ltai“ wol^u prepare from it the 

. i is rhlnrulc ? Whv cannot this substance be obtained when an aqueous 
solutioiV'cd'alumhiium^oxicle m hydrochloric acid is evaporated to dryness and 

“VHow^^U.minium^reaU^dh three ol the following : (a) hydrochloric 
acid {b) nitric acid, (c) sodium hydroxide. (</) ferric oxide (c) the, a tin. .sphere . 
Specify the conditions needed for the reactions you mention (London Inter. 

^ Describe bnelly the clicmical characteristics ol boron and its compounds. 
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Discuss the relationship of this element to (a) aluminium, (6) silicon (London 
13 Sc ) 

5. Give an account ol the compounds ol hydrogen and boron. (Inst, ol Chem.) 

6. Describe the extraction of aluminium from bauxite. What do you know of the 
chemical properties of the metal ? (Oxford H.S.C.) 

7 Discuss the chemical and physical properties of aluminium which render it 
commercially important. (J.M.B.H.S.C.) 

8 Write the formulae of the chief " alums " known. Point out their characters 
as a class. State and explain the principle they illustrate. (London Univ.) 

9 What is the composition of borax and to what class of salts does it belong.'' 
Mention some examples of other salts of similar composition. What is the action 
of a solution of borax on litmus ? (London Univ.) 

10 Explain how a high temperature is obtained in the " aluminothermic ” 
processes, and why so much heat can be made effective as compared with many 
other processes of combustion. (Worcester Poly Inst., U.S.A.) 

11. *• Aluminium, gallium and indium form a group whose members are closely 
related, the variation in properties being in accordance with the Periodic Law." 
Discuss this statement. (Inst, of Chem.) 


Chapter 30 

1. Write concise but full notes on the silicic acids and the silicates (Durham 

B.Sc.) 

2. How would you proceed to prepare from litharge specimens of red lead and 
lead dioxide ? Give details of the experimental procedure and describe precisely 
how you would estimate the percentage of metal in either of the above materials 
(Durham B.Sc.) 

3. Describe with special reference to the reactions involved the preparation of 
pure lead from galena and of the several oxides from the metal. Give a brief 
account ol the properties and uses of these oxides (Durham B.Sc.) 

4. How may silica be obtained in a pure state from sand ? How may silicon 
be obtained from silica ? How would you prepare (a) silicon tetrachloride. ( b ) 
silicon tetralluorulc Irom silica (London Inter. B Sc.) 

5. The elements carbon silicon and tin fall in the same group of the Periodic 
Table. How far are their properties m harmony with this common grouping ? 
(London B.Sc.i 

G. Dcscnlx* the process ol extracting tin from its ores What are the properties 
to which the usefulness of tin is due ? How may (a) stannic oxide. (6) stannic 
chloride. U) sodium stannate. be obtained Irom the metal ? (London Inter. B.Sc.) 

7. Describe the process ol extracting load from its ores. To what properties is 
the usefulness ol lead due ? Starting with the metal, how may lead chloride and 
lead sulphide lx- obtained ? lO .S; C.J B II.C.) 

3. Describe the preparation, starting with metallic lead, o! [a) lead dioxide, 
(b) lead acetate. (c) lead iodide Give an account of the properties and uses of 
lead dioxide (O 8: C.J.B.H.C.) 

9 Describe the preparation, properties and reactions ol the compounds of 
silicon with hydrogen, with chlorine, and with fluorine. (Aberdeen Univ.) 

10. How can (a) silicon, and (b) silicon carbide be obtained from sand, and for 
what purposes are these substances used ? How can silicon chloride be obtained 
from silica, and converted into silica ? (Sheffield Univ.) 

H Compare and contrast the elements carbon and silicon by a discussion of 
their analogous inorganic compounds (Sheffield Univ.) 

12. Write a comparative account ol the chemistry of carbon and silicon. How 
are the following facts accounted for : <i) carbon dioxide is a gas whereas silica is a 
solid of very high melting point; (li) carbon tetrachloride is unaffected by water 
whereas silicon tetrachloride is readily hydrolysed by water ? 

13. Give an account of the clement silicon. Discuss the classification ol the 
silicates (Cape Univ.) 
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14. Give the names and formulae of the oxides of lead, and describe all that can 
be observed when each of these oxides is heated in an open crucible. From 
1 grm. of one of the oxides of lead. 1*269 grm. of lead sulphate can be obtained ; 

which of the oxides is it ? (Sheffield Univ.) , # .. 

16. What would be produced if tin foil were introduced into solutions of the 
following salts : silver nitrate, lead acetate, copper sulphate, copper chloride, 
stannous chloride, alum, ferric chloride ? Give equations (London Univ.) 

16 Starting from lead sulphide, describe how you would prepare (a) lead (0) 
litharge, (c) red lead, (d) white lead How would you detect the presence of lead 
peroxide and of lead chloride in a mixture of these two substances (Board of 

1 ^ 17 ° Enumerate the naturally occurring compounds of lead and describe the 
extraction of the clement. Outline the preparation and properties of lead peroxide 
and basic lead acetate. (Inst, of Chem.) 


Chapter 31 

1 . Give an account of the allotropes of phosphorus, and explain how each form 
can be converted into the other. How may (a) orthoyhosphonc acid, and (b) 

nhosnhine be prepared from the element ? (O. « c.J.tJ.n.v . 

P 2. Compare P the properties and methods of preparation ol the hydrides of 

1 ' 4 *"Giv(; S a'n'°accounI°fil 1 'tl»e^x'ya(ids ’of phosphorus and their salts, indicating 
thnsp which have industrial applications (Oxford Univ.) . . 

6 What changes take place when metallic antimony is («) heated in air ( b > 
treated with nitric acid ? How may antimony compounds be distinguished from 

ar 6 n De“'rX'm <J |.utl,ne1,ow yoTwould prepare the following compounds of 
phosphorus starting from the element : (<0 phosphorus pentoxidc. (6) phosphine 
^«»ac,d. How would you test qualitatively for phosphates? 

thif element from one of them Compare and contrast (a) arsenic and antimony. 

' VTow“ rule and' phosphorus pentad,,or,de made > 

..." . Ho . ' i K ...,i otiered of the fact that the vapour density of phos- 

pliorus C pcntachloridc is 104-25 at 350“ and what experimental evidence has been 

a “0 U D®scribe* h <j w \ h e law ^'n.ass'actio,. can be applied to the dissociation of 
. * . n»n/>iil<irifli> both bv itself ami in the presence of chlorine gas. 

andTtatcandcxpIain what influence change of pressure and temperature have on 

this dilation. and phosphorus pciitoxide respectively 

i > What Jnnnens when phosphorus pciitoxide is dissolved in cold water 
ancTthen the Nation 'is boiled ? Whit is the action of heat on orthophosphor,c 

a °lV H c^w*m!iy' t lu* *d die re n t modifications ol phosphoric acul be obtained, and 
bv what tests may they be distinguished ? (Aberdeen Univ.) 

by i2 How is yellow phosphorus converted into the red variety, and how can the 
reverse change Ik- accomplished ? What substances can be formed when phos- 
phorus is (a) heated in air. (6) heated with nitric acid, and what is the relationship 
between them ? (Board of liduc.) 

13 Compare the hydrides of nitrogen, phosphorus, arsenic and antimony 
14 ! De^Iibe'carelully the preparation of the gaseous hydride of phosphorus 
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and compare its properties with those of the corresponding hydrides of nitrogen 
and arsenic. (Sheffield Univ.) 

15. In what forms does arsenic occur in nature ? How is the element obtained ? 
How may (a) arsenic trichloride, (b) arsenic trioxide and (c) arsenic acid be 
prepared ? What methods are available for the detection of arsenic in small 
amounts ? 

16. What is the evidence for the existence of antimonyl and bismuthyl com¬ 
pounds ? Describe the preparation of au antimonyl compound from antimony, 
and of a bismuthyl compound from bismuth ; give briefly the properties of each ; 
and explain the reactions that occur when each is boiled with sodium carbonate 
solution (Punjab Univ.) 


Chapter 33 

1. Give a careful account of the chemistry of the less common elements of the 
Sixth Group of the Periodic Table and compare and contrast them with other 
elements in that part of the Table. (Durham B.Sc.) 

2. Starting in each case with potassium dichromatc describe the preparation 
of (a) chromic anhydride, ( b) chromium sesquioxide, (c) chrome alum, (rf) chromyl 
chloride, ( c ) potassium chromate. (London Inter. B.Sc.) 

3. How are tungsten and molybdenum produced on the large scale from their 
ores, and what arc the chief uses of these elements ? (Inst, of Chem.) 

4. Given an ore of chromium, explain how you might obtain from it specimens 
of (a) KXr a O„ (6) CrO s , (c) Cr.O„ [d) the metal itself. (O. & C.J.B.H.C.) 

5. The oxide of chromium, Cr t 0 3 , and the hydroxide, Cr(OH) 3 . are weakly basic 
and still more weakly acidic. How does this statement accord with the fact that 
the salt Cr t (S0 4 ) 3 is stable in water while the corresponding carbonate and 
sulphide are not stable ? What compound is formed when sodium carbonate is 
added to a solution of a chromic salt ? (Massachusetts Inst. Technology.) 

6. What happens when sodium hydroxide is mixed with a solution of a chromic 
salt ? Of a potassium chromate solution ? Of a potassium dichromate solution ? 
Give four reactions which distinguish chromium from all other elements. (Amherst 
Coll. U.S.A.) 


Chapter 34 

1. How does manganese occur in nature and how is the metal usually prepared 
for commercial use ? What other elements are associated with manganese in the 
periodic classification ? (Inst, of Chem.) 

2. Show how the chemistry of manganese can be correlated with its position 
in the Periodic Table, and point out any features by which it is distinguished from 
neighbouring elements. (Oxford Univ.) 

3 Describe the preparation of potassium permanganate from pyrolusite. 
When reduced in solution it yields, according to the agent employed, either a 
colourless solution or a dark brown precipitate, or a green solution. Explain 
these results and compare the weights of permanganate needed to provide equal 
amounts of oxygen in the three cases. How would you prepare the dark brown 
compound from the colourless solution ? (Oxford H.S.C.) 


Chatter 35 

I. Give an account of the compounds of nickel and cobalt, with special regard 
to the points of similarity and difference between the chemical properties of the 
two elements. (London B.Sc.) 

2 Give an account of the ammine compounds of cobalt and platinum, clearly 
explaining how the constitution of typical compounds is usually represented. 
(Inst, of t hem.) 

3. Compare and contrast the chemical properties, etc., of the elements usually' 
associated with platinum in nature. (Inst, of Chem.) 


QUESTIONS 


927 


4. Describe and explain the types of isomerism exhibited by the ammine 
compounds of cobalt. (Oxford Univ.) 

5. Starting in each case with the metal, describe how you would prepare 
specimens of (a) crystalline ferrous sulphate, (6) anhydrous ferric chloride, (c) 
ferric oxide. Describe the appearance ol each of these compounds. (O. & 
C.J.B.H.C.) 

0. State the essential chemical difference between the Bessemer and the open- 
hearth processes for the production of steel What changes are common to both 
processes ? What is the " basic Bessemer process," and why is it of importance ? 
(Worcester Polytechnic Inst., U.S.A.) 

7. How would you make (1) ferrous chloride from iron, (2) ferrous sulphide 
from ferrous chloride. (3) ferrous sulphate from ferrous sulphide. (4) ferric hydrox¬ 
ide from ferrous sulphate ? Write equations for the reactions after giving the 
descriptions of the processes and indicate the colour of the product in each case. 
(Sheffield Scientific School, U.S.A.) 

8. Describe briefly and explain the blast furnace process, giving the purpose 
of each ingredient of the charge. (Amherst Coll., U.S.A.) 

9. Describe the extraction of nickel from its ores and give an account of the 
properties of the element and its more important compounds. 

10. Whence and by what processes is platinum obtained. What are its 
physical properties and how is it affected by being alloyed with iridium . 1 omt 
out briefly the utility for chemical investigation of platinum, glass and india- 
rubber. (New Zealand Univ.) 

11. How is platinum found in nature ? Describe methods of obtaining it in a 
finely divided condition, and give one indication of the use of the metal in an 
inorganic chemical preparation. (Cape Univ.) 


Chapter 3ft 

1 Give a careful account of the physical evidence for atomic disintegration of 
the radio-active elements Outline the chemistry of three of these (Durham 
B.Sc.) 

2 Write a critical essay on the radio-active elements. (Inst, of C hem.) 

3 ’ What do you understand by radio-active equilibrium, group displacement 
law. disintegration constant, and half value period ' ? (Oxford l mv ) 

4 hither (a) describe how neutrons arc produced and the types of nuclear 
fission initiated by them, or (&) describe methods available for the partial or com¬ 
plete separation of isotopes (Inst, of Chem.) 



MISCELLANEOUS QUESTIONS 

l Discuss fully and critically the distinctions drawn by chemists beween 
(a) atoms and molecules, (6) compounds and solutions. (Inst, of Chem.) 

2. Write a short historical essay on the influence of density determinations on 
the progress of chemistry. (Inst, of Chem.) 

3. State Gay-Lussac’s law of gaseous volumes, and describe fully how you 
would show experimentally that it applies to the combination of carbon monoxide 
with oxygen to form carbon dioxide. Show how the formula of carbon monoxide 
may be deduced from the result of the experiment, that of carbon dioxide being 

known. (Oxford H.S.C.) . 

4. Outline the experiments and arguments which have led to the adoption of 
the formula H s O for water vapour. Describe one of the experiments in detail 
(assume nothing except Avogadro's Law). Explain briefly why the combining 
volumes of hydrogen and oxygen are not in the exact ratio of 2 : l. (Oxford 
H.S.C.) 

5. Describe methods by which the equivalents of three of the following elements 
might be ascertained : potassium, silicon, fluorine, sulphur. State ottt method 
by which the atomic weight of each element chosen ha> been decided. (Cam¬ 
bridge H.S.C.) 

f>. Give an account of the experiments and reasoning on which are based the 
molecular formulae of two of the following : hydrogen, carbon monoxide, mer¬ 
curous chloride. (Cambridge H.S.C.) 

7. Assuming Avogadro’s Hypothesis, give the experimental facts upon which 
the formula H,0 is assigned to the molecule of water. Write equations to 
show the action of water upon the following substances: sodium, calcium 
oxide, anhvdrous copper sulphate, sodium peroxide, phosphorus pentoxide. 
(J.MB. H.S.C.) 

8. Describe fully one experiment in each case for determining (a) the com¬ 
position of water by weight, (6) the composition of hydrogen chloride by volume. 
What further evidence would be necessary in each case to arrive at the formulae 
of these substances ? (J.M.B.H.S.C.) 

9 Discuss any two of the following : (a) thermal dissociation. ( b) catalysis, 
(c) limiting densities. (Inst, of Chem I 

10. Explain upon what facts and reasoning the molecular and constitutional 
formulae are assigned to (a) carbon monoxide, (/>) mercurous chloride, (c) sul¬ 
phuric acid. (Inst, of Chem.) 

11. ” Mercury has a monatomic molecule, but chlorine is diatomic and ozone 
is triatomic.” State clearly the evidence upon which this statement is based. 
(Inst, of Chem.) 

12. Outline historically the development of our views on the nature of the 
atom and molecule. (Inst, of Chem.) 

13. Examine critically the thesis that the current theory of the atom is founded 
on the Periodic Classification (Inst, of Chem.) 

14. Give a concise account of the methods available tor determining molecular 
weights. (Inst, of Chem.) 

15. Give a critical account of the views which have been held from time to 
time regarding the state of electrolytes in solution. (Inst, of Chem.) 

16. Select one of the following groups of elements and justify the position 
assigned to it in the Periodic Classification : (a) iron, cobalt and nickel. (6) 
sulphur, selenium and tellurium. (Inst of Chem.) 

17. 0*250 grm. ol the sulphate of a certain clement yielded 0*525 grm. 
barium sulphate when it was treated in aqueous solution with excess of barium 
chloride The vapour density of the chloride of the element was about 67. 
Suggest possible values for the atomic weight of the element. What further 
experiments could be made to confirm the value assigned ? (O. & C.J.B.H.C.) 
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18. Give examples of salts which crystallize from aqueous solution in ( a ) the 
anhydrous, (6) the hydrated condition. 

0-547 grm. of the hydrated chloride of a bivalent metal when treated with 
excess of silver nitrate solution yielded 0-717 grin, of silver chloride ; 0-657 grm. 
of the hydrated salt on heating yielded 0-333 grm of the anhydrous chloride. 
How many molecules of water of crystallization are present in the hydrated salt ? 

(O.&C.J.B.HC.) , . , , 

19. What arc the essential features of a catalytic action ? Give one example of 
the catalytic uses of each of four of the following : water, spongy platinum, a 
cobalt compound, a cuprous compound, nickel. (O & C.J.B.H.C.) 

20. Explain with examples what is understood by four of the following terms : 
eutectic, vapour pressure, efflorescence, deliquescence sublimation, supersatura¬ 
tion. (O & C.J.B.H.C.) 

21. How do you account for the following facts 

(a) a constant boiling point mixture is produced when solutions of hydrochloric 

acid are distilled. . 

lb) the solubility curves of some salts show breaks. 

(c) when ammonium chloride is added to a solution of ammonia containing 
phenolphthalein. the colour of the latter fades and eventually disappears. 

(d) washing soda crystals effloresce on exposure to the atmosphere (Oxford 

H S C ) 

22. Show how the degree of dissociation of nitrogen peroxide can be calculated 
from its vapour density. (Oxford H.S.C.) 

23 How do you account for the following facts f— 

la) the vapour density of ammonium chloride is about a quarter of its molecular 

* C (6) h an aqueous solution of ammonium chloride freezes at a lower temperature 
than a solution of cane sugar of the same molecular concentration, 

(c) caustic soda does not precipitate ferrous hydroxide from a solution of 

potassium ferrocyanide. (Oxford H.S.C.) , 

24. Calculate the degree of dissociation of the compound A > . whose molecular 
weight is 100. if its vapour density at 50° C. is 40 (Oxford H.S.C ) 

■>5 Summarize the methods adopted in the extraction of the commoner metals, 
classifying these and pointing out how they conform to the position of flu- metals 

in the Periodic Classification (Oxford H.S.C.) 

20. Calculate the atomic weight of the element A from the following <lata 

la) 0-260 grm of X when heated in a stream of oxygen produced 0-Jl - grm of 

lb) 1 litre of this oxide weighed 1-98 grm. at S r.I ., v 

\c) the vapour density of a compound V which contains 64-8 per cent, ol X 

S What conclusion about the molecule of V can l>e drawn ? (Oxford H.S.C .) 

27. Describe clearly the meanings of the terms («* vapour pressure (/d vapiiur den¬ 
sity (c) water of crystallization, (d) solubility. (r) supersaturation (J.MB. H.S.C.) ( 
28 From a consideration of their chemistry, do you think it reasonable to 
group the following pairs of elements together («) oxygen and r 

nitrogen and phosphorus? Give reasons for your conclusions (J.M U.H.b.C.) 
20. How do you explain three of the following phenomena 
(a) a solution of sodium carbonate has an alkaline reaction, 

5 calcium carbonate is dissolved by a boiling solution of ammonium < hlor.de, 
W hydrogen sulphide- lads to prcc.pitatc cupric sulphide Iron, a solut.on ol a 

C Tj; C l "olu l ri!In , ::i , ant?moi;°l P b!sn1u1!:'chlnridc becomes turb.d when dduted 
with water but tlomc' clcar again when hydrochloric acid ,s added <Q & 

C 30 U What is meant by the dissociation constant ol an acid t Assuming the 
law of mass action to be applicable to ionic equilibria, derive an expression con¬ 
necting the degree of .on.zat.on of an acid with the concentration of its solut.on. 

(O & C.J.B.H.S.C.) 
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31. How do you account for the following facts ?— 

(а) hydrogen sulphide is displaced from iron sulphide by hydrochloric acid, 
while the latter, a strong acid, is displaced from a solution of cupric chloride by 

hydrogen sulphide, . . ... 

(б) aluminium oxide expels carbon dioxide from fused sodium carbonate, while 
carbon dioxide precipitates aluminium hydroxide from a solution of sodium 
aluminate. (Oxford H.S.C.) 

32. How are the following facts to be explained ?— 

(<i) a solution of sodium acetate conducts electricity better than one of acetic 
acid of the same molecular concentration, 

(fc) the density of air, which has been freed from oxygen, carbon dioxide and 
water vapour, undergoes a slight change when the air passes through a porous 
partition, 

(c) tinned iron rusts more quickly than galvanized iron when once the iron 
itself has been exposed to the atmosphere. (Oxford H.S.C.) 

33. State Lc Chatelier's Principle, and discuss its application to the large- 
scale production of sulphuric acid and ammonia. (Cambridge H.S.C.) 

34. Explain and illustrate with two suitable examples in each case the meanings 
of the terms : acid. base, amphoteric hydroxide, basicity, basic salt. (J.M.B.H.S.C.) 

35. Describe in outline how you would determine the solubility in water of 
ammonium chloride at the temperature of the laboratory. 

The following weights of salt are dissolved by 100 grm. of water at the given 
temperatures: 


Temp. (° C.) ... 

• •• 

0 

60 

100 

KC1 (grm.) 

• •• 

28 

42 

56 

KCIO, (grm.) ... 

... 

3 

19 

59 


Construct temperature-concentration diagrams approximately to scale, and 
use them to show how you would best obtain more than 57 grm. of chlorate, and 
some pure crystals of chloride from a solid mixture containing 59 grm. of chlorate 
and 14 grm. of chloride (assume ideal experimental conditions). (Cambridge 

H.S.C.) 

30. Write a short description of the following processes : 

(а) the softening of permanently hard water, 

(б) the setting of plaster of Paris, 

(c) the production of ammonium sulphate lrom calcium sulphate. iCambridge 

H.S.C.) 

37. How is barium peroxide prepared ? How would you prepare from it a 
solution of hydrogen peroxide ? 

What reaction occurs between hydrogen peroxide and 

(a) silver oxide. 

(5) an alkaline solution of chromium sulphate (O. & C.J.B.H.C.) 

38. Give an account of the consequences in nature which follow from the fact 
that carbon dioxide forms a weakly acid solution when it dissolves in water. 
Distinguish between the temporary and permanent hardness of water How may 
hard water be softened ? (O. & C.J.B.H.C.) 

39. Give an account of the preparation, properties and reactions of ozone and 
hydrogen peroxide. (Inst of Chern.) 

40. Suggest methods for classifying the oxides of the metals Discuss the 
characteristic reactions of the following oxides, explaining to which of your classes 
each should be assigned : aluminium oxide, barium peroxide, lead dioxide, red 
lead, and chromium trioxidc. (O. & C.J.B.H.C.) 

41 Chlorine was originally known as dcphlogisticatcd muriatic acid, and later 
as oxymuriatic acid. Explain the views which led to the use of these names, and 
why the former was changed to the latter. Describe experiments to show that 
the views now held concerning the relationships of chlorine and hydrochloric 
acid give a better account of the facts. (Oxford H.S.C.) 

42. Describe how, given charged accumulators and any further electrical 
apparatus necessary, you would : 
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(а) prepare ozone from oxygen 

(б) prepare sodium from caustic soda, . . . 

(c) bring about the combination of considerable proportions of a mixture of 

nitrogen and hydrogen to form ammonia (Oxford H.S.C.) 

43. What general methods are available for the preparation of oxides ol non- 
metals ? Describe the preparation of three of the following in as pure a state as 
possible: sulphur trioxide, phosphorus trioxide, nitrogen peroxide, silicon 
dioxide, iodine pentoxide. (Cambridge H.S.C.) 

44. Classify the following substances as oxidizing or reducing agents and by 
summarizing their reactions illustrate the meanings of the terms oxidation 
and " reduction *’ : hydriodic acid, stannous chloride, potassium ix-rnianganate, 
hydrogen peroxide, hydrogen sulphide, potassium cyanide. (J.M.B.H.S.C.) 

45. Write a definition of allotropy and illustrate your answer by reference to 
sulphur, carbon phosphorus, and oxygen. How could you show experimentally 
that ozone and oxygen are different forms of the same element . (J M.B.H.S.C.) 

46. Outline the principal methods of manufacture of hydrogen and acetylene. 
Mention two important uses for each gas. (Cambridge H.S.C .) 

47. Write a short account of the cycles of carbon and nitrogen in nature. 

48 Describe the preparation and purification of coal gas. \\ hat are the by¬ 
products of coal-gas manufacture ? State what is implied by the equations : 


2CO + O, 
N 2 + O, 


2CO, + 136,000 calories. 

2X0 - 43.200 calories 

(O. & C.J.B.H.C.) 


49 What methods arc available lor the preparation ol pure carbon monoxide ? 
Under what conditions and with what result docs carbon monoxide react with 
(a) nickel, (6) chlorine, {c) sodium hydroxide. (Inst, of Lhcm.) 

GO. Describe and explain experiments to illustrate three of the following 

m ^ L the dependence ol flame propagation on the composition of the gas air 

mi (6) U the effects ol chemical reactions on the conductivity of solutions. 

(c) allotropic change in elements. 

(d) diffusion in gases and vapours. (Inst, ol i nem.) t „ 

51 What is the action of concentrated nitric acid, hot and cold, upon la) yellow 

phosphorus, (fc) iodine <c> sulphur dioxide. (J( smhum chloride Outline the 
chemistry of two of the products thus obtained (In-vt. of ( hun.) 

52. Give an account of the industrial utilization of common salt Inst of 

Ch 53 l Describe how you would prepare a specimen of nitrogen peroxide, and 

i r‘iWn ro-.de... t«- — 

is 27-7 (H = I). Calculate the percentage <lissociat»on ol the gas lO. is L.J. 

B 64 C How arc the cyanides and fcrrocyanidcs of the alkali metals prepared ? 
What are the important reactions of either of these classes of compounds . 

( °i? Comoarc^and contrast the action of concentrated nitric acid upon metal* 
with' that * of'concent rated sulphuric acid and discuss whether their activity 
due to their acid or oxidizing properties. (< ambridge H.S.C.) 

00 Describe briefly lu.w the f»llowi..|t substances may be prepared potassium 
chlorate cunrous iodide, iodic acid, phosgene. (J M.lJ.n.a t .) 

07 Describe fully the chemical reactions involved in the preparation ol iodine 
from Chile sadtpetre Dcscril* and exi>la,i. what happens when hkIiik- is treated 
with the loHowmg 0 sulrstances : nitric acid, potassium hydroxide solution, iron 

^IV^n^wHl! brfcff outline* the practical details how you would obtain 
on, constituent from any /our of the following mixtures in a state of fair purity 
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(а) ammonium chloride and sodium chloride, 

(б) nitric acid and sulphuric acid, 

(c) lead chloride and lead sulphate, 

(d) carbon monoxide and carbon dioxide, 

(e) chlorine and hydrogen chloride. 

(Cambridge H.S.C.) 

59. Write a short account of the contact process for the manufacture of sulphuric 
acid. Why is this acid so frequently used in the preparation of other acids ? 
Mention three acids which can so be prepared. Give two examples of cases in 
which concentrated sulphuric acid could not be used in the preparation of an 
acid from its salts. (Oxford H.S.C.) 

60. Describe and explain how sulphur dioxide can be oxidized. What happens 
when sulphur dioxide reacts with : chlorine water, ferric chloride solution, 
hydrogen sulphide solution ? (O. & C.J.B.H.C.) 

61. Describe and explain as far as possible the action of heat on each of the 
following substances : sulphur, mercuric chloride, iodine, ammonium chloride. 
(O. & C.J.B.H.C.) 

62. How would you distinguish chemically between : 

(а) bromine and nitrogen peroxide, 

(б) sodium nitrate and sodium nitrite, 

(c) cuprous and cupric oxides. 

Id) sodium sulphide and sodium sulphate. 

(O. & C.J.B.H.C.) 

63. Describe two methods of preparing chlorine in the laboratory. How does 
chlorine react with : 

(а) a solution of ferrous sulphate, 

(б) a cold solution of sodium hydroxide, 

(c) phosphorus. (O. & C.J.B.H.C.) 

04. Give an account of one of the following subjects: 

(at the discovery of the inert gases and their importance in chemical 
theory, 

(5) fluorine and its compounds. 

(c) the colloidal state. (Inst, of Chem.) 

05. Describe the effect of heat on each of the following salts: ammonium 
nitrate, potassium nitrate, lead nitrate, ferrous sulphate, zinc carbonate, and 
sodium bicarbonate (O. & C.J.B.H.C.) 

00 . Describe the preparation of three of the following by the electrolysis of 
sodium chloride: sodium, chlorine, sodium hydroxide, sodium hypochlorite. 
Describe in each case how the necessary conditions are obtained. (O. & 

C.J.B.H.C.) 

07. Describe the preparation and uses of sodium, sodium hydroxide and 

sodium silicate. (O. it C.J.B.H.C.) 

08. Give an account of the differences and similarities between copper, silver 
and mercury, and their respective oxides and chlorides (Oxford H.S.C.) 

09 Describe briefly one laboratory method for making each of three of the 
following ; cuprous chloride, nitric oxide, sodium hydrogen sulphate, aluminium 
chloride. Describe how you would estimate the percentage purity of your 
product in one case. (O. & C.J.B.H.C.) 

70 Give an account of the preparation and uses of three of the following : 

calcium carbide, calcium superphosphate, calcium sulphate, calcium cyanamide. 

(O.&C.J.U.H.C.) 7 

71 You are given mixtures ol: 

lui magnesium sulphate and calcium sulphate, 

(/>) potassium chlorate and potassium chloride. 

How would you obtain specimens of each constituent of each mixture ? 
fJ.M.B.H.S.C.) 
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72. Compare the properties of the alkali metals, sodium and potassium and 
their principal compounds, with those of the alkaline earth metals, magnesium 
and calcium and their corresponding compounds. (Oxford H.S.C.) 

73. Briefly describe the preparation ol the anhydrous chlorides of mercury, 
tin and iron, from their respective metals. (Oxford H.S.C.) 

74. Name the chief ores of zinc and lead, and describe the extraction of one of 
these metals. How is zinc used in the desilverization of lead ? Describe and 
explain what happens when la) a piece of commercial zinc, (6) a piece of amal¬ 
gamated zinc, is placed in dilute sulphuric acid (Oxford H.S.C.) 

75. Contrast the general chemical behaviour of copper with that of zinc. 


(O. & C.J.B.H C.) « « 

76. Outline the technical production ol cither (a) sodium carbonate by the 
Solvay process, or (5) ammonia by the Haber process, and discuss as fully as 
possible the theoretical principles involved. (Inst, of Chein.) 

77. Discuss one of the following subjects : 


(а) the hydrides of silicon and boron. 

(б) allotropy, , , . . 

(c) the historical development of methods of liquefaction of gases 

(Inst of Chcm.l 


78. From what important mineral are thorium and cerium compounds now 
obtained ? Where does the mineral occur, and how is it treated for the extraction 
of thorium and cerium nitrates ? Why are thorium and cerium salts of value 
industrially ? (Inst of Chein.) 

71) Give an account of the chemistry of two of the following . 


(а) the smelting and purification of lead. 

(б) the manufacture of water gas. 

( c) the softening of water 


(Cambridge H.S.C.) 


80. Describe the lead accumulator, and give an account ol the chemical 
reactions which take place during charge and discharge (Cambridge H.S l 
81 The periodic table suggests chemical similarity between 


(а) tin and lead. 

(б) magnesium and zinc 

Discuss the chemical similarity or dissimilarity between the two metals in each 
case, limiting your answer to the consideration of four chemical reactions of the 

metals ami their compounds (Cambridge H.S.C.) . ,, 

82 Describe briefly laboratory methods ol making three ol the following 
compounds: lead chloride, sodium phosphate, sodium bicarbonate, potassium 

C ^g^'Describe^the method oi preparation and the physical and . hemical properties 
of any three of the following : sodium thiosulphate, carborundum, sodium 

silicate arsine silicon tetrafluoride (Inst, of C belli.) ...» 

84. Outline the chief points of similarity and dissimilarity n three of the 

following pairs of elements : 

(а) thallium and lead, 

(б) molybdenum and uranium. 

(c) nitrogen and phosphorus. . . o( t|lcm , 

id) boron and silicon 

86 Indicate the chid resemblances and ditlerenccs in each ol the allowing 
pairs of elements 


{a) boron, silicon. 

{b) sulphur, selenium. 

\c) nickel, copper. 

(d) fluorine, chlorine. 

86. Describe the sources and methods of extraction a 


(Inst of Client.) 

lid purification employed 


for two of the following : 
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(a) bismuth, 

( b) beryllium, 

(c) boron. (Inst, of Chem.) 

87. Give an account of the chemistry of either selenium or thallium. (Inst, of 

Chem.) 

88 . Select one of the following groups of elements and justify the position 
assigned to the group as a whole in the Periodic Table : 

(a) phosphorus, arsenic, antimony, bismuth, 

(5) magnesium, zinc, cadmium, mercury. (Inst, of Chem.) 

89 How would you recognize and identify in the laboratory : 

(a) ferric chloride. 

(6) phosphorus pentoxide, 

(c) sodium sulphite, 

Id) lead dioxide. (O. & C.J.B.H.C.) 

90. How is white phosphorus produced on the large scale ? In what respect 
does the allotropy of white and red phosphorus differ from that of rhombic and 
monoclinic sulphur ? What changes occur when, 

(a) each form of phosphorus is warmed with a solution of sodium hydroxide, 

( b ) a slow stream of chlorine is passed through white phosphorus melted under 
water, 

(c) when the red form is heated with nitric acid ? (Oxford H.S.C.) 

91. Phosphorus falls between nitrogen and arsenic in the fifth group of the 
Periodic Classification ; and between silicon and sulphur in the second short 
period. Discuss from the point of view of the Periodic Classification the chemical 
relationships between phosphorus and the above-named elements. Illustrate 
your answer l»y reference to the hydrides, chlorides, oxides, and oxyacids of the 
elements. (Cambridge H.S.C.) 

92. Give a brief account of the production either of copper from a concentrated 
sulphide ore. or of pig iron from haematite. As far as possible describe by equations 
the reactions which take place in the process you select. (Cambridge H.S.C.) 

93. Enumerate and define the various classes of salts. Describe how three 
of the following salts are prepared : potassium dichromate, chrome alum, 
potassium ferrocyanidc, potassium persulphate. (Cambridge H.S.C.) 

94. Describe, as fully as you can, the preparation of any three of the following 
compounds : ammonium dichromate, ferrous ammonium sulphate, iodic acid, 

. hosphorous acid, silico-mcthanc. sodium pyrosulphatc. (Cambridge H.S.C.) 

95. How would you distinguish between : 

(a) potassium ferrocyanide. and potassium ferricyanide. 

lb) sodium nitrate and sodium nitrite, 

{c) mercurous chloride and mercuric chloride ? (O. & C.J.B.H.C.) 

90. Describe the preparation and properties and uses of one liquid compound 
of each of the following elements: nickel, sulphur, chromium, silicon. (Inst, of 
Chem.) 

97. Describe the manufacture, properties and uses of three of the following : 
graphite, potassium permanganate, sodium hexametaphosphate, white lead, 
sodium cyanide. (Inst of Chem.) 

98. How are tungsten and uranium produced on the large scale from their 
ores, and what are the chief uses of these elements ? (Inst, of Chem.) 

99. Discus one of the following topics : 

(a) modern views ol the structure ol matter. 

(b) the discovery of radio-activity, and its etlect on chemical theory, 

(c) positive rav analysis, and its employment in the discovery of radio-active 
jsotopes. (Inst, of Chem.) 

100. Give an account of allotropy making special reference to sulphur, carbon 
and ortho- and para-hydrogen. (Inst, of Chem.) 
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101. Describe the preparation and properties of four of the following : 

(а) periodic acid. 

(б) telluric acid, 

(c) sodium perborate, 

(«) arsenic pentoxide. 

(e) amorphous silicon, 

(/) nitrogen iodide (Inst, of C hem.) 

102. Discuss features of interest in the chemistry oi cither M) nickel and its 
compounds, or (6) tungsten and its compounds (Inst, of t hem.) 

103 Describe the preparation on the large scale, by electrochemical or electro¬ 
thermal means, of one metallic element, one non-mctallic element ami one 

inorganic compound. (Inst, of Chein.) . 4 . 

104. Either (a) Give an account of the contact process lor the manufacture of 

(6) Outline the manufacture, and discuss what happens during the setting, of 

Portland cement. (Inst, of Chem.) ...... . , . 

105. Explain how the study of matter in the solid state has influenced the 

development of inorganic chemistry (Inst, of Chem.) 

100. * Write a concise, comparative account of the chemistry ol either mi the 

alkali metals, or (6) copper, silver and gold (Inst, of Chem.) . 

107. How would you show that (<i) diamond and graphite arc both lorni* of 
carbon, (5) that ozone is a modification of oxygen, and (r) that heavy vxater is 
different from ordinary water ? (Oxford Scholarship.) . 

108 Give reasons for assigning the following formulae to the compounds 
evolved : SO,. N s O,. 1,0,. (Oxford Scholarship.) 

The following abbreviations are used above • 

Cambridge H.S.C.: Cambridge Higher School ( crtificate. 

1 M.B.H.S.C.: Joint Matriculation Board Higher School Certificate. 

Ovfnrd H SC 1 Oxford Higher School Certificate. 

O. & C.J.B.H.C.: Oxford and Cambridge Joint Board Higher Certificate 




ANSWERS TO QUESTIONS 


6 . 4402. 


CHAPTER 2 

7 30-93. 


3. 59-05. 118-1. 

7. 16. 


Chapter 4 

5. 56-23% 6. I45 * 57 - 

9. 19-64 grins 


1 . 


4. 

11 . 


3. 

6 

6 

7 

9 


6 

14. 

16 


3 

7 


1. 

8 . 

9 


1 . 

5. 

7. 

9 


(a) 9-01. (5) 12-15 


HAPTER 5 

2. 89-96%. 


Chapter 6 

27 M,CI« 5 1 

8-67, 52. 6. MO, 


Chapter 7 

32.75 4 oxygen air 

(1) 6-22 litres (2) 12-44 litres (3) 12*44 1,tres 
29-72 grm 4-73 litres ZnbO, <H,0 611,0 


1 : I 054 


Potassium chlorate 


K. 38-62% ; 
H. 2-032% ; 
Na. 39-31 % 
P. 91-18% ; 
Mn. 63-23% 


N. 13-87% ; 
S. 32-61% ; 

; Cl. 60-69% 
II. 8-82%. 

; O. 36-77% 


O. 47-51% 
O. 65-22%. 


MO, 


N. 64-94% ; O. 35-00%. 
2808-9 grm. 

5-441 kg. 


Chapter 1 

11. {itt 24-5®, 36® (6) 31 grin. 

15. 19-73 c.c., 14-77 c.c., 7-72 c.c. 

0-28 c.c. 


600-7. 

146-9. 


Chapter 11 

4 211-4 

g - 0-328® 


Chapter 12 


1-03704 mhos 370-4 mhos. 

10072 grm oxygen. 0 0283 grin copper. 0 0971 grin 
^chlorine ^ ^ grm cU | orinc . 0-72 grm oxygen 

9-7092 grm silver. 


•.liver 0*03105 grm 
2*831 I grm. copper 


197,000 cals. 

113-0 Cals. 

1318 K. 

(liquid) 54*5 Cals.: (gaseous) 


Chapter 13 

3. 1250 cals—40.000 cals. 

6. 48.000 cals 

8. 87 Cals 

44*6 cals 

937 


211* 



938 


MODERN INORGANIC CHEMISTRY 


Chapter 17 

8. 236-2 grm. 9. (a) 89-6 litres. (6) 44-8 litres, (c) 89-6 litres. 

10. 44-8 litres. 13. 0-204%. 


8 . 

16. 

13 

4. 


Chapter 19 

(a) 3-73 litres, (6) 2-5 cu. ft., ( c ) 2-5 cu. ft. 
C*H t . 


6-2 grm. 


Chapter 21 


Chapter 2G 

(6) 6-05 grm. copper. 3-95 grm copper oxide. 


14. PbO,. 

3. 1:1$: 1J. 


17 26-67. 

24 25%. 

53 66 1%. 


Chapter 30 


Chapter 34 


Miscellaneous 

18. GH.O 
26. 12. 


INDEX 


A 

Absolute temperature, 17 

— zero, 17, 29 
Absorption, 265 

— coefficient, 164 

— gases by charcoal, 329 
Acceptor, 149 
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Acetylides, 348 
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Acid, 311 
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Acidimctery, 246 

Acidity of bases, 315 

Acids, ionic theory, 315 

—, Lavoisier’s oxygen theory. 311 

—, molecular weight ul. 186 

—, strength of. ionic theory, 242 

—, strong, 242 

—, weak, 242 

Actinium, 756, 897, 899 

Active deposit, 897 

— mass, 218 
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— coefficient, 204 
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Ammonal. 409 
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—, history. 397 
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—. manufacture. 309 
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—, uses, 405 
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Ammonium amalgam. 679 

— arscno-molybdate, 779 

— bicarbonate, 410 

— carbamate, 410 

— carbonate, 410 

— chloride. 408 

— chloride, dissociation, 408 

— chloroplatinate. 884 

— chloroplumbatc. 744 

— chlorostannate 733 

— cuprocvanide. 595 

— cyanate, 380 

— dichromate, 811 

— fluoboratc, 694 

— hydrosulphide, 410 

— hydroxide. 404 

— ion, 407 

— molybdate. 768, 817 

— nitrate. 409 

— nitrite, 394 

— persulphate, 477 

— phospho-molvbdate. 768. 817 

— salts. 407 

— sulphate. 410 

— sulphides, 410 

— tetrachloroiodide. 411, 539 
Amphiboles, 720 
Amphoteric oxides, 309 
Amygdalin. 379 

Anatase, 745 

Anglcsitc, 735 

Anhydrides. 309 

Anhydrite, 410, 494. 651, 660 

Anions, 193 

Annealing, 853 

Anode, 193 

Anode mud, G10 

Anorthic system of crystals. 1G8 

Anorthite. 711 

Anthracite, 332 

Antimonates. 788 
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Antimonious acid. 787 

— oxide. 7>J7 
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—. a-. 784 

—, allotropy, 784 
—. atomic weight. 78G 
—. P-. 784 
—. black. 784, 785 

— blende. 783 

— bloom. 783 

—, detection, 789 

— dihydride. 787 
—, explosive 785 
—, grey ore. 783 

— hydride, 78G 

— nitrate. 785. 787 

— ochre, 783 


Antimony oxychloride. 788 

— pentachloride, 788 

— pentafluoride, 789 

— pentasulphide, 789 

— pentoxide, 787 
—. preparation, 783 
—. properties. 784 
—. red. 784 f 

rhombohedral, 784 

— sulphate. 785, 787 

— tetroxide, 787 

— tribromide. 788 

— trichloride. 788 

— trifluoride, 7S8 

— tri-iodide. 788 

— trioxide, 787 

— irisulphide. 789 
—. yellow. 784. 785 
Apatite. 661 

—. chlor, 752 
—. fluor. 752 
Aquadag. 335 
Aquamarine. 643 
Aqua regia, 506 
Aragonite, 657 
Argentic oxide, 628 
Argentite, 624 
Argon. 551, 556 
Argyrodite. 726 
Aristotle. 5 

Arnold of Villanova. 6 
Arsenic. 773 

— acid, action hydrogen sulphide 781 
—, allotropy. 774 

—. a-, 774 

—. atomic weight, 775 

— P-. 774 

—. black. 774 

— dihydridc, 776 

— disulphide, 780 
—, Y". 774 

—. grey. 774 

— hydride. 779 
—, metallic. 774 

— pentachloride. 780 

— pentafluoride. 779 

— pentasulphide. 781 

— pentoxide, 779 

— preparation, 773 

— properties. 774 

— sulphate. 774 

— tribromide, 780 

— trichloride, 779 

— trifluoride, 779 

— tri-iodide, 780 

— trioxidc, 776 

— trioxide, amorphous. 777 

— trioxide, octahedral. 777 

— trioxide. vitreous, 777 
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Arsenic trisulphide, 251, 780 
—, white. 77b 
—, yellow, 774 
Arsenical iron, 773 

— pyrites, 773 
Arsenious acid, 778 

— oxide, 776 
Arsenites, 778 
Arsenolite, 773 
Arsine, 775 
Asbestos, 645 
Ascarite, 581 
Asphalt. 356 
Assaying, 630 
Association, 100 

Asteroid theory ol rare earths, 125 
Astrakanitc, 502 
Asymmetric system crystals, 166 
Atmolysis, 25 
Atmosphere, 543 
—, composition. 546 
—, impurities in, 545 
Atom. 50 

—, Rutherford-Bohr. 131 
—, structure of, 130 
—, Thomson. 131 
Atomic bomb. 005 

— disintegration, theory of. 805 

— heat, 00 

— number, 117, 120. 132 

— theory. 58. 150 

— volumes. 121 

— weight, accurate determination. JO 
-. standard, 05 

Atomic weights, 01. 88. 03. 138 

- 1 by Cannizzaro’s method. 88 

-, by Dulong and Retit's rule, 00 

-, by electrolysis. 86 

-, by isomorphism. 00 

-, by limiting density. 103 

-, by oxide methods, 81 

-, by periodic law, 04. 123 

-. by physical methods, 103 

-, from mass-spectra. 138 

-, international. 105 

-, oxygen standard. 05 

-. Richards's methods. 07 

Atomicity, 04 
Atoms, disintegration. 805 
Attraction, molecular. 33 
A urates. 638 
Auric acid, 038 

— chloride. 038 

— hydroxide. 038 

— oxide. 038 
Aurous chloride, 038 

— hydroxide, 038 

— oxide. 038 
Austenite, 849 


Avicenna, o 

Avogadro's hypothesis, 28, 67, 270 
Avogadro number, 77, 255 
Azote, 302. 545 
Azulmic acid. 378 
Azurite. 608. 620 

B 

Bacon. Francis. 4. 8 
—, Roger. 6. 603 
Baddclcyite. 740 
Baking soda. 580 
Balanced reactions. 218 
Barff process, 854 
Barium. 065 

— bromatc. 528 

— carbonate, 007 

— chlorate. 517 

— chloride, 007 

-. manufacture. 0G7 

— chromate. 068 
—, detection. 008 

—. determination. 008 

— dithionatc, 481 

— ferrate. 858 

— hydroxide. 000 

— iodatc. 530 

— nickelite. 875 

— nitrate. 007 

— oxide. 000 

— permanganate, 833 
.— peroxide. 000 

— sulphate, 667 
-. a< id, 608 

— sulphide, 667 

— tetrathionate. 481 
Baryta. 666 
Barytes. 665 

Base. 314 

Bases, ionic theory 315 
.—, nioleculai weight, 187 

_ f strength ol. tonic theory, 242 

—. strong. 212 
—. weak. 242. 244 
Basic salts. 311 
Basicity. 313 

— of acids, 313 
Bauxite. 695 
Bath salts. 586 
Bay salt. 587 
Bee her. 9 

Becijuerel rays. 892 
Beehive coke oven. 357 
Bell metal. 612 
Benefication, mineral, 559 
Benitoite, 720 
Berlin blue. 866 
Berthelot's ozone tube. 319 
Berthollet, 54 
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Beryl, 643, 720 
Beryllia, 643 
Beryllium, 643 
—, atomic weight, 644 

— oxide. 645 

—, properties, 644 
Beta rays, 894 
Bicarbonates, 365 
Bimolecular reactions, 228, 230 
Birmabright, 698 
Bismite, 790 
Bismuth, 790 

— alloys, 791 

—, atomic weight, 792 

— carbonate, 793 

— chloride, 795 

— dioxide, 793 

— glance, 790, 794 

— hydride, 792 

— nitrate, 794 

— ochre, 790 

— oxychloride, 793 

— pentoxide. 793 
—, preparation. 790 
—, properties. 791 

— subnitrate, 794 

— suboxide. 792 

— sulphide, 794 

— tetroxide, 792 

— trichloride, 793 

— trioxide, 792 
Bismuthic acid, 793 
Bismuthitc, 790 
Bismuthyl carbonate. 793 

— chloride, 793 
Bisulphites, 460 
Bittern, 587 
Bituminous coal. 332 
Bivariant system. 160 
Black. 10 

Blackband ironstone, 838 
Black diamonds. 337 
Black jack. 669 
Black lead. 333 
Blagden’s law. 158 
Blast furnace. 839 
Bleaching, 459, 500 

— powder, 513 

-, evaluation, 514 

Blood charcoal, 329 
Blue-ground, 337 
Blue-john, 659 

Blue vitriol, 621 
Boart. 337 
Bog iron ore. 838 
Boiler scale, 282 
Boiling, 32 

— curve, 36 

— point, 32 


Boiling point constant, 183 

-, elevation of, 184 

-, molecular elevation of, 183 

-of solutions, 184 

Bolognian phosphorus, 665 
Bomb calorimeter, 214 
Bond, dative, 149 
—, hydrogen, 293 
—, semi-polar double, 149 
Bone ash. 751, 753 
Bone black. 329 
Bones. 652, 661, 751 
—, degelatinized. 753 
*—, degreased, 753 
Boracic acid. 687, 691 
Boracite, 687 
Borax. 687, 692 

— beads, 693 

—, titration, 694 
Boric acid, 687, 691 
-, titration, 694 

— oxide, 690 
Boron. 687 

— acid sulphate, 091 
—, amorphous, 688 

— carbide, 338, 693 
—, crystalline, 688 
—, detection, 694 

—, determination. 694 

— hydrides, 789 

— nitride, 693 

— pentasulphide. 694 

— phosphate, 691, 709 

— sulphate. 709 

— sulphide, 684 

— trichloride, 694 

— trifluoride. 694 

— trioxide, 690 
Boronatrocalite, 687 
Borosilicate glass. 724 
Bosch process, 262 
Boyle. Robert. 5, 8 
Boyle’s law. 12. 13. 28. 33 

-. deviations from, 14 

Brass. 612 

Braunite. 824 
Bricks, 722 

Brin’s process oxygen, 305 
Britannia metal. 730. 786 
Brodie’s ozone tube, 319 
Brbggerite. 554 
Bromic acid, 527 
Bromides. 526 
Bromine, 520 
—, atomic weight. 523 

— chloride, 539 
—, detection, 523 

—. determination. 523 
—, history, 520 
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Bromine hydrate, 622 
—, manufacture, 621 
—, molecular weight. 523 

— monofluoride. 539 

— monoxide, 626 
—, occurrence, 521 

— pentafluoride. 539 
—, properties, 522 
—, purification, 522 

— trifluoride, 539 
—, uses, 522 
Bromous acid, 527 
Bromothymol blue. 247 
Bronze, 612 

—, aluminium, 612 
—, manganese. 612 
—, phosphor. 612 
—, silicon. 612, 713 
Brookitc. 745 
Brown coal, 332 
Brownian movement. 254 
Bunsen burner, 387 

— flame, 387 
Buraq, 687 

C 

Cadmioponc. 677 
Cadmium. G75 

— ammoniumpbosphatc, 6< / 

— and Copper, separation. 240 
—, atomic weight, 676 

—, detection. 677 
—, determination. 677 

— hydroxide, 676 

— lithoponc. 676 
—, occurrence. 675 

— oxide, 676 

—, preparation, 675 
—, properties. 676 

— pyrophosphate. 677 

— sclemdc, 801 

— sulphate, 677 

— sulphide, 677 

— thiochloridc. 677 
—, uses, 676 

— yellow, 676 
Cadmous hydroxide, 676 

— oxide, 676 
Caesium. 605 
Calamine, 669. 674 
Calcaroni, 49 
Calcination, 9 
Calcite, 651. 658 
Calcium, 051 

—, atomic weight, 653 

— bicarbonate, 659 

— bisulphite, 661 

— boride, 688 

— carbide, 653 


Calcium carbonate, 657 

-, action of heat on. 220, 654 

-, dissociation of. 220 654 

— chlorate. 516 

— chloride. 659 

— cyanamidc. 395, 401, 595, 653 
—, detection, 662 

—, determination, 602 

— ferrocyanide, 863 

— fluoride, 659 

— hydride, 653 

— hydrosulphide. 660 

— hydroxide, 655 

— hypochlorite. 514 

— manganite. 496. 829 
—, manufacture, 652 

— mono-phosphate, 662 

— nitrate. 660 

— nitride, 653 

—. occurrence. 651 

— orthophosphates. 661 

— oxalate, 662 

— oxide, 654 

— pcntasulphidc, 660 

— peroxide, 655 

— phosphates, 061 

— phosphide, 761 

— polysulphides. 660 
—. properties. 652 

— silicate. 661 

— silicophosphate. 602 

— sulphate. 410, 660 

— sulphide, 660 

— tctrasulphidc, 660 

— tetroxidc. 655 
—. uses. 653 
Cah''par. 658 

Calculations, chemical. Ill 
Calgon. 284 767 

Callcndar’s hypothesis osmotic pres¬ 
sure, 179 
Calomel, 681 
Calorie, 212 
Calorimeter, homb. 215 
Calx. (Calces). 9 
Canal rays. 134 
Cannel coal, 332 
Carat. 336 

Cailx»n. allotropy. 326 
—. amorphous. 329 

_ atomic weight. 89 340 

_Imride. 338, 693 

— cycle, 3. 59 

— dioxide, 34, 358 

_, detection. 365 

_. determination. 365 

_ t lormulu. 361 

_, liquid. 363 

_. preparation. 360 
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Carbon dioxide, properties. 363 

-. solid, 364 

-, uses, 366 

— disulphide, 375 
—. gas, 356 

— monoxide, 367 

-, detection. 374 

-, determination. 374 

-. formula, 371 

-, properties, 372 

-, uses, 374 

—, oxides, 358 

—, properties amorphous, 329 

— silicide. 681 

— suboxide. 375 

— tetrachloride, 343, 377 
—. varieties, 326 
Carbonado, 337 
Carbonates, 365. 366, 566 
Carbonic acid, 364 

— anhydride. 364 
Carbonyl chloride. 373 377 

— haemoglobin, 373 

— sulphide, 373 
Carborundum, 714 
Carburctted water gas, 371 
Carnallite, 493, 601, 645 
Carnotite. 820 

Caro's acid, 477 
Case-hardening, 854 
Casscl's yellow. 743 
Cassiterite. 727 
Cast iron, 843 

Castner's process, sodium, 573 

Catalysis. 231 

Catalysts. 232 

Catalytic agents, 232 

Cathode, 193 

Cathode rays. 127 

Cations, 193 

Cause. 2, 3 

Cavendish. 10 

Celcstine. 663 

Cell constant, 198 

—, Danicll, 206 

—, dry, 206 

—, Leclanchc, 206 

Cells, simple, 205 

—, Voltaic. 205 

Cement, Keene’s, 661 

—. quick-setting. 700 

Cemcntite, 848 

Cerium. 707 

Ccrite, 706 

Cerussitc, 735 

Ccylonite. 701 

Chalcedony. 716 

Chalcocitc, 607 

Chalcopyrite, 607, 838 


INDEX 

Chalk, 651, 658 
Chamber acid. 466 

— crystals. 435, 467 
Charcoal, 327 

—, active, 330 
—, animal, 329 
—, blood. 329 
—, bone, 329 
—, kiln, 327 
—, pit, 327 
—. retort, 328 
—, wood, 327 
Charles's law, 15, 28 

-, deviations from, 17 

Chemical combination, 44 

— affinity, 207 

— changes, 44 
Chemistry, definition, 4 
Chert, 716 

Chile saltpetre. 415, 589 
China clay, 721 

-rock, 721 

Chlorapatite. 752 
Chlorates. 515 
Chloric acid, 515, 518 
Chlorides, 507, 566 
—, detection, 508 
—. determination, 508 
Chlorination process, gold, 636 
Chlorine, 493 
—. action light on, 499 
—. atomic weight, 97. 661 
—. available, 514 
—, Deacon’s process. 496 
—, detection, 502 
—, determination, 502 
—, electrolytic processes, 497 
—. formula. 501 

— heptoxide, 610 

— hexoxide, 511 
—. history, 493 

— hydrate, 499 

—. liquefaction, 38. 499 

— manufacture. 496 
-, Gibbs cell. 497 

-, Kcllncr-Solvay cell, 498 

— monofluoride. 539 

— monoxide, 508 
—. occurrence, 493 

— peroxide, 509 

—. preparation, 495 
—. properties, 498 

— tetroxidc, 511 

— trifluoride. 639 
—. uses, 501 

— water, 499 

—. Weldon process. 496 
Chlorites, 515 
Chloroaurates, 638 
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Chlorochromic acid, 812 
Chlorocuprous acid, 014, 018 
Chloroform, 343 
Chloroplatinates, 883 
Chloroplatinites, 884 
Chlorostannates. 733 
Chlorosulphonic acid. 474, 483 
Chlorous acid, 515 
Chromates. 809 
Chrome alum, 814 
Chrome iron ore, 804 
Chrome-molybdenum steel, 800 
Chrome ochre, 804 
Chrome steels, 800 
Chrome-tungsten steel, 800 
Chromic acid, 809 

— chloride, 813 

— hydroxide, 808 

— oxide, 807 

— sulphate, 814 

— sulphide, 814 
Chromite. 701, 804 
Chromites, 808 
Chromium. 804 

— am mines, 810. 885 
—, atomic weight, 807 

— chlorides, 813 
—, detection, 815 

—, determination. 815 
—, occurrence, 804 
—, preparation, 804 
—, properties, 805 

— sesquioxide, 807 

— trioxide. 808 * 

—, uses, 805 
Chromous acetate, 812 

— chloride, 812 

— hydroxide, 807 

— oxide, 807 

— sulphate. 812 
Chromyl chloride, 811 
Chrysobcryl. 701 
Cinnabar. 439, 078. 084 

Clark's process, softening water. 282 
Claude's process, oxygen and nitrogen. 
42 

Clay ironstone, 838 
Clays, 095, 721 
—, formation of. 721 
Cleveite, 504 

Clinorhoniboidal system crystals. 108 
Clinorhombic system crystals 108 
Coal, 331 

—, bituminous, 332 
—, brown. 332 
—, canncl, 332 
—, formation, 331 

— gas, 348 

-, by-products, 350 


Coal gas. composition. 356 

-, manufacture. 349 

Coal tar. 350 
Cobalt. 807 
Cobaltammines, 872 
Cobalt ammonium alum. 871 

-sulphate. 871 

—. atomic weight. 809 

— carbonate. 870 

— carbonyl. 872 

— chloride, 870 
—. detection. 872 

—. determination. 872 

— dioxide, 870 

— glance. 773, 808 

— nitrate, 871 

— peroxide, 870 

—. separation front nickel 872. 877 

— speiss, 808 

— sulphate. 871 

— sulphide. 871 
—. tin white, 773 
Cobaltic hydroxide. 870 

— oxide. 809 
Cobalticyanides, 871 
Cobaltitc, 773. 808 
Cobaltocyanidcs. 871 
Cobaltosic oxide, 809 
Cobaltous acid, 870 

— hydroxide. 870 

— oxide, 870 
Cochrome. 809 

Coins, British copper. 613 
—, — gold, 013. 037 
—, — silver, 013, 020 
—, nickel, 013 
Coke, 333, 357 

— ovens, 357 
Colcmanitc, 087 

Colloidal particles, size ol, 250 

— solutions, 152, 251 

-, preparation. 251 

-, properties, 253 

Colloids. 250 
Colunibitc, 795 
Columbiuin, 795 
Combining weight, 57 
Combustible, 381 
Combustion, 381 

—, llamelcss, 389 
—, Nlayow on, 543 
—, preferential. 385 
—, reciprocal. 382 
—, supporter, 381 
—, surface, 389 
—, theory of. 9. II, 543 
Common ion cllcct, 235. 238, 240 
Component. 169 
Coni|>ounds, 45 
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Compounds, criteria of, 49 
—, endothermic, 216 
—, exothermic, 216 
—, formulae of. 107 
—, naming. 63 
—, properties, 47 
Compressibility coefficient, 104 
Concrete, 656 

Conductivity at infinite dilution, 199 
—. equivalent, 197 
—. electrolytic, 192 
—, molecular, 197 

— of solutions, measurement, 197 
—, specific, 197 

— water, 199 
Conductor, 192 
Condy’s fluid. 832 

Conservation of Mass, Landolt’s ex¬ 
periment. 52 

-, Lavoisier’s experiment. 50 

-, law of, 50 

-, Manley's experiment, 53 

Constantan, 612 

Constant boiling acid, 418, 468, 499, 
504, 525. 533 

Constitution of matter, 126 c/ seq. 
Contact action. See Catalysis 
Covalent linkages. 148 
Co-ordinate linkages, 149 
Co-ordination number, 886 
Copper, 007 

— acetates, 662 

— acctylides. 348, 619 
—, alloys, 611 

— ammines. 616 

— and cadmium, separation, 240 
—, atomic weight. 613 

—, blister. 609 

— carbonate. 620 
—. detection. 622 

—, determination, 622 

— dioxide, 615 

—. extraction of, 608 

— fcrrocyanide. 176, 622 

— glance, 607, 619 
—, history. 607 

— hydride, 480, 614, 764 

— nitrate. 620 

-, basic. 620 

—, occurrence. 607 

— oxide, 615 

— patina, 610, 622 

— peroxide. 615 
—, properties, 610 

— pyrites, 607 

— refining. 609 

— sulphate, 292, 621 
-, hydrates. 222, 292 

— sulphates, ammonio-. 617 


Copper sulphates, basic, 622 

— sulphides, 619, 621 

— tetramminosulphate, 617 
—. tough pitch, 610 

—, uses, 613 
Copperas, 860 
Coprolites, 752 
Coral, 658 
Cornish stone, 721 
Corrosive sublimate, 683 
Corundum, 699, 805 
Costra, 589 
Coulomb, 193 
Covalent compounds, 148 
Co-volume, 33 
Cowper's stove, 840 
Cream of tartar, 789 
Cristobalite. 715 
Critical phenomena, 35 

— pressure. 35 

— state gases, 35 

— temperature, 35 

— volume. 35 
Crocoisite, 735. 804 
Crocoitc, 804 
Crookesite, 705 
Cryohydratc, 158 
Cryolite, 486, 489, 695 
Crystal carbonate. 5S4 
Crystallization, 155, 166 et seq. 
—, purification by. 155 

—, water of. 156, 292 
Crystallography, 167 
Crystalloids. 250 
Crystals, 166 
—, classification, 166 
—, internal structure. 170 
—, mixed. 160, 703 
—, seven systems, 167 
—. space-lattice theory, 128 
—. X-rays and structure of, 172 
Cubic system crystals, 170 
Cupellation, 625 
Cupferron, 790 

Cuprammonium compounds, 616 

— ion. 405 

— sulphate. 617 
Cupric chloride. 620 
-, basic, 618 

— cyanide. 378 

— hydroxide. 616 

— nitrate, 620 

— oxide. 615 

— sulphate, 621 

— sulphide. 621 
Cuprite, 607 
Cupro-mangancse, 826 
Cupron, 623 
Cupronickel, 874 
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Cuproschcelite, 818 
Cuprous acetylides, 348, 619 

— chloride, 618 

— cupric equilibrium, 617 

— cyanide, C19 

— hydroxide, 615 

— iodide, 019 

— oxide. 614 

— sulphate, 019 

— sulphide. 019 
Cyanates. 380 
Cyanic acid, 380 
Cyanide process, gold. 635 

- # silver, 624 

Cyanides, 379 

—, complex. 379. 863 ct scq., 871, 877, 
890 

—, manufacture, 594 
Cyanogen, 378 
Cyanuric acid, 382 
Cylindrite, 705 

D 

Dalton, 8 

Dalton's atomic theory. 69 

— law of chemical combination. 50 

— law of partial pressures, 19. 105 

— law. solubility mixed gases. 104 
Daniel! cell. 200 

Davy's safety lamp, 3K9 

_theory luminosity. 385 

Degrees of freedom. 159 
Deliquescence, 222 
Delta metal. 012 
Democritus. 5, 0 
Density, gas, 20 
—, limiting, 103 
Dcphlogisticatcd air. 540 
Derbyshire spar. 059 
Deuterium. 209 
Dcvarda's alloy. 397 
Dew curve. 30 
Dewar flask. 40 
Dialogite, 824 
Dialysis, 252 
Dialysed iron. 252 
Dialyscr. 252 
Diamond. 330 
—, properties. 338 
—, structure of. 339 
—, synthesis, 387 
Diasporc, 095 
Diatomaccous earth. 715 
Diatomite. 717 
Dichlorodifluoroimthane 489 
Dichromates. 810 
Dichromic acid. 809 
Didymium. 707 
Diflusion in liquids. 176 


Diflusion of gases, 23 

Difluonne dioxide, 493 

Dipole moment. 149 

Disodium hydrogen phosphate, 313. 596 

Displacement rule, 133 

Dissociation, 219. 222 

— pressure, 221 
Distillation. 162 
—, fractional, 102 

— in vacuo, 33 

—, reduced pressure. 33 
—. water. 285 
Dithionic acid. 480 
Dobercincr's triads. 115 
Dolomite. 045. 649, 051 
Donor. 149 

Double oblique system crystals, 168 

— salts. 157 
Dow process. 046 
Downs cell. 574 
Drikold, 304 
Dry cell. 200 

Dulong and Petit’s rule, 90 
Duralumin, 047, 098 
Dust. 545 
Dutch metal. 012 
Dynamite. 717 
Dysprosium. 700 

E 

Earthenware. 722 

Effect. 2. 3 

Efflorescence, 222 

Effusion, gases. 23. 25 

Eka-aluminium, 122 

Eka-boron. 122 

Eka-silicoii. 122 

Electric discharges, gases. 127 

Electricity, from chemical action. 4s 

Electrochemical equivalent, 193 

Electrochemical series, 85. 207 

Electrode, 193 

Electrolysis, 193 

—, Clausius's theory. 194 

—, Earaday's laws. 193 

—. Grotthus's theory, 194 

—, products of. 210 

Electrolyte, 192 

Electrolytic dissociation, Arrhenius’s 
theory, 196, 210 

— process, silver, 025 
Electrometric titration. 249 
Electromotive force, 207 
Electromotive force and chemical 

affinity, 207 
Electron 127 

— alloy, 047 

Electroplating. 030. 800. 877 
Electrostatic precipitation, 502 
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Electrovalcnt linkages. 147 
Element No 87. COO 
Elements. 44 

—. classification, 114, 122 
—. definition of. 5. 8 
—. extinct, 896 
—. isotopic. 133 
—. missing, 122 
—. naming, 62 
—, occurrence, 126, 890 
—, spectra of, 139 
—. theory of four, 5 
—. theory of three. 0 
—.transitional. 119 
—. transmutation of, 7, 131, 895 
—, typical. 119 
Elixir of Life, 7 
Emanation S94 
Emerald, 643 
Emery, 099 

Empirical knowledge, 1 
Emulsoid. 251 
Enantiotropy, 444 
Energy, intrinsic. 212 
Enriched water gas. 371 
Enstatitc. 645 
Epsomitc. 650 
Epsom salts. 622, 645, 050 
Equation, chemical. 107 
Equilibrium, chemical, 218 
—. conditions of. 218, 223 

— constant. 218 
—. effect of pressure on, 223 
—, effect of temperature on. 223 
—, van’t Hoff's law, 224 

— water. 199 

Equivalent conductivity. 197 
—, electrochemical. 193 

— weight acid. 80 

— —. oxidizing agent. 80 

- weights, 57. 79 
-, determination, SO 

—, —. chloride methods 84 
—, —, conversion methods. 86 
_ —. hydrogen displacement, sn 

- —. —. replacement methods. 85 
Erbium 700 

Errors ot experiment. 54 
Etching glass. 491 
Etching test, fluorides, 492 
Ethane. 345 
Ethyl borate. 694 
Ethylene. 343 

— dichloridc. 346 
—. properties. 345 
Europium. 707 
Eutectic. 158 

— mixture. 158 

— temperature, 158 


INDEX 

Euxenite, 706 
Evaporation. 30 
—, kinetic theory of, 30 
Experiment, 2 

F 

Farad, 193 
Faraday, the, 193 
I'aradav's law electrolysis. 193 
Felspar. 695. 704. 711 

— potash. 704 

— soda. 572 
Fergusonite. 554, 700 
Fermentation. 360 
Ferrates, 858 
Ferric acid. 858 

— chloride. 861 

— ferrocyanidc. 803 

— hydroxide. 858 

— nitrate. 802 

— oxide. 858 

— sulphate. 863 

— sulphide, 802 
Fcrricyanic acid. 865 
Fcmcyanides. 805 
Ferrite. 849 
Ferrochrome. S00 
Ferrocyanic acid. 804 
Ferrocyanides, 803 
Ferromanganese. 826 
Ferrosic chloride. 801 
Ferrosic oxide, $57 
Fcrro-titanium. 745 
Ferro-vanadium. 794 
Ferrous acid. 858 

— ammonium chloride, S00 

— ammonium sulphate, 861 

— carbonate. 859 

— chloride. 859 

— ferricyanide. 800 

— ferrite, 858 

— ferrocyanidc, SCO 

— hydroxide. 857 

— nitrate. 800 

— oxide. 857 

— sulphate. 800 

— sulphide. 800 
Filtration, water. 280 
Fire damp, 331. 341 
Fischer-Tropsch process. 350 
Fixed air. 425. 359 
Flame. 381 
—. bunsen, 387 
—. chemistry of. 384 
—. luminosity of. 385 
—. Smithell's separator. 388 
—. structure. 383 
Flames, double mantled. 383 
—, single mantled. 383 
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Flint. 711 t . 

Four Element theory, Aristotle s. o 

Flotation process. 562 

Fluorapatite, 752 

Fluoratcs. 493 

Fluorides. 492 

—, acid. 492 

—, detection, 492 

—determination, 492 

Fluorine, 480 

—, atomic weight, 489 

—, history. 480 

—, manufacture, 488 

—. molecular weight. 489 

— monoxide. 492 


—. occurrence. 480 

—, preparation, 487 

—, properties. 488 

Fluorspar. 051, 059 

Fluosilicatcs. 725 

F'ormula. 107 

Formula, deduction. 108 

_ # from percentage composition 

108 

_ t from volume relationships. 110 

—, empirical. 110 
—. molecular, 110 

— weight, 110 
Fowler's solution, 778 
Fractional cyrstallization. loo 

— distillation. 102 
Frankland’s theory luminosity. 380 
Franklinite, 009. 701. 824 
Freedom, degrees of. 159 
Freezing of solutions. lo7 

— point, constant. 182 
-, depression. 185 

_ # molecular depression of, 

-of solutions, 182 

Freon, 489 
Fuller’s earth. 722 
Fusible alloys. 792 


G 

Gadolinite. 700, 
Gadolinium. 700 
Gahnitc. 009. 701 
Galena, 439. 735 
Gaillard tower. 408 
Gallium. 122. 705 

— alums, 703 
Galvanized iron. 072 
Gamma rays, 894 
Garnicrite. 873 
Garnite, 704 

Gas. 1 ‘2 

— analysis. 110 

— carbon, 349. 350 

— coal, 348 


Gas constant, 18 
—. density of. 20 
—, detonating. 273 
—, electrolytic. 273 

— equation. 18 

—, gram-molecular volume of. 70 

— laws. 12 

_. deduction from kinetic theory, 

28 

-, deviations lrom, 33 

— liquor, 353 

—. relative density. 09 
—, solubility in liquids. 102 
—, specific heats. 74 

— sylvestre. 358 

— tar. 353 350 

Gases, electric discharges in. 127 

—. inert, 551 

—, kinctric theory. 20 

—, liquefaction, 37 

—,—, Linde's process. 39 

—. noble. 551 

—. permanent, 38 

—. separation of. 105 

Gay-Lussac tower. 405 

Gebcr. 0 

Gel. 255 

Geometrical isomerism. 888 
German silver, 012 
Germanite. 705. 720 
Germanium. 122. 720 
Geyserite. 710 
Giant molecules. 720 
Gibbs's phase rule. 159 
Gihhsitc 095 
Gliding metal. 012 
Glass. 723 
—. Bohemian. 724 
—. boro-silicate. 724 
—. cut. 724 
—, etching. 491 
—. flint 724 
—, Jena. 724 
—. monax. 724 
—. plate. 724 
—. potash. 724 
—. pyrex. 724 
—, quartz. 710 
—. soda. 724 
Glauber's sail. 592 
Glauconites. 283 
Glover tower, 405 
Glucinurn. 5rr Beryllium 
Gold. 033 
—, alluvial. 034 
—, atomic weight. 037 
— chloride. 038 
—. colloidal. 262. 030 
—. detection. 638 
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Gold, determination, 638 
—, extraction, 634 
—, history, 633 
—, occurrence, 634 
—, properties, 636 
—, reef, 634 
—, refining, 635 
—,—, cupellation, 635 
—,—, electrolysis, 635 
—, solvents for, 636 
—, uses, 637 
—, virgin, 633 
Goldschmidt’s process, 698 
Gooch crucible, 85 
Gothite. 838 

Graham’s taw of diffusion. 23. 24. 29 

-, applications, 26 

Gram-equivalent weight. 80 

Gram-molecular volume of gas, 76 

Granite. 46 

Graphite. 333 

—, colloidal. 335 

—, structure of. 339 

Graphitic acid. 335 

Graphitites, 334 

Green vitriol, 860 

Greenockitc. 675 

Group 0 Elements, relationships, 557 

— 1 639 

— 2 —. 085 

— 3 —. 708 

— 4 —. 748 

— 5 —, 796 

— 6 —. 821 

— 7 —. 540 

— 7a—.—. 834 

— 8 —. 885 
Guignet's green. 808 
Guldbcrg and Waage’s law, 218 
Gun-metal. 012 
Gunpowder. 003 

Gutzeit's test. 782 

Gypsum, 410. 439, 493, 051, 060 


H 

Haematite. 838 
—, brown. 838 
—. red, 838 
Haemoglobin. 373, 374 
Hafnium. 747 
Hales, Stephen, 10 
Half-life period. 897 
Halogen Elements, relationships. 540 
Halogens, 486. 540 
Halotrichitc. 704 
Hardness of water. 280 
Hardy-Schulze law. 254 
Hargreave’s process, sodium sulphate. 
503 


Hausmannite, 824 
Hauy’s law, 166 
Heat of combustion, 213 

— of formation, 213 

— of neutralization, 216 

— of reaction, 212 

-, measurement, 215 

Heats of linkages, 216 
Heavy spar, 439, 666 
Helium, 552, 554, 894 
Helvite, 643 

Henry’s law, 163 
Hercynite, 163 
Hess’s law, 213 
Heusler’s alloy, 826 
Hexagonal system crystals, 170 
Hexathionic acid. 482 
Hittorf's phosphorus, 758 
Holmium. 706 
Hopcalite. 374 
Horn silver, 624, 629 
Hydrargillite, 695 
Hydrates, 292 
—, stability of, 222 
—. vapour pressure, 222 
Hydraulic mining, gold. 634 
Hydrazine, 397 
Hydrazoic acid, 397 
Hydrides, 264 
Hydriodic acid. 532 
Hydrobromic acid, 523 
Hydrocarbons, 340 
—, formulae of, 343 
Hydrochloric acid, 502 

-, history, 502 

-, manufacture. 503 

-, uses. 506 

Hydrochloroauric acid, 638 
Hydrochloroplatinic acid, 884 
Hydrochloroplatinous acid, 884 
Hydrochloroplumbic acid, 744 
Hydrocyanic acid. 379 
Hydrofluoboric acid, 489, 694 
Hydrofluoric acid. 490 
Hydrofluosilicic acid, 489, 725 
Hydrogen. 258 
—, active. 268 
—. allotropy. 267 
—. atomic. 268 
—, atomic weight. 267 
j — bomb. 905 
1 _ bond. 293 

— bromide, 523 
-. properties, 525 

— chloride, 502 

-, composition, 506 

-, formula. 506 

-, preparation, 502 

-, properties, 504 
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Hydrogen cyanide, 370 

— dioxide. See Hydrogen peroxide 

— displacement. 259 

— disulphide, 454 

— equivalent of metals, 80 

— fluoride, 490 

- # composition, of 491 

-, formula. 491 

-, properties, 490 

-, uses, 491 

—, formula. 267 

—, history, 258 

—, in periodic system. 271 

— iodide, 532 
-, properties, 533 

-iodine reaction. 217, 219 

— ion. concentration. 242 
-, hydration, 205 

—. isotopes. 208 
—, manufacture, 262 
—,—, Bosch process. 262 
—, nascent. 266 _ 

—, occlusion. 265 
—, occurrence, 258 
—, ortho-, 267 
—, para-, 267 

— pentasulphide. 454 

— peroxide. 293 

-composition, 299 

-constitution. 209 

-, detection, 299 

_, determination. 299 

-, formation, 293 

-, occurrence, 295 

-. preparation, 294 

-, properties, 294 

-, uses. 297 

— persulphide, 454. 591 

— phosphide, liquid. *61 

— phosphides, 759 

— phosphide, solid, 762 
—, preparation, 209 

—, properties. 263 
—, pure, 262 
—, spectrum. 140, 264 

— sulphide, 448 

_ ,— ( action on arsenic acid, 781 

_, action on salt solutions, 451 

_ — f decomposition, 450 

- # detection, 453 

-, determination, 453 

-, formula, 463 

-, history. 448 

- # occurrence, 448 

-, preparation, 449 

-, properties, 460 

- # reducing action, 461 

.— trisulphide. 464 

— uses, 270 


Hydrolith, 653 
Hydrolysis, 244 
—. ionic theory of. 244 
Hydrosulphitcs. 480 
Hydroxides. 565 
Hydroxonium ion. 205, 244 
Hyperol. 297 
Hypobromites. 527 
Hypobromous acid. 527 
Hypochlorites, 512 
Hypochlorous acid. 511 
— anhydride. 509 
Hypoiodites, 535 
Hypoiodous acid. 535 
Hyponitrites. 424 
Hyponitrous acid. 424 
Hypophosphites, 764 
Hypophosphoric acid. 765. 768 
Hypophosphorous acid. 764. 767 
Hyposulphites. 480 
Hyposulphurous acid, 480 
Hypothesis, 3 

i 

Iatro-Chemists, 7 
Ice. 158. 287 
Iceland spar. 058 
Ideal gases. 14 
llmenite. 745 

Incandescent mantles, 748 
Indicators. 245 
.—, adsorption. 631 
Indicators and ionic theory. 246 
—, choice of. 247 
—, screened. 246 
—, theory of, 246 
Indium, 94. 705 

— alums, 703. 705 
Induction, deductive. 8 
Inert gases, 645, 651, 557 

-, atomic weights, 94 

_, preparation, 552 

Inflammable air, 255 
Infusorial earth. 717 
inorganic ferments. 297 
Interstitial compounds, 265 
Invar, 874 

Invariant system. 100 
Insulator, 192 

Interhalogen compounds, 639 

lodatcs, 635 

Iodic acid. 535 

Iodides, 534 

Iodine, 528 

— acetate, 540 

—, atomic weight. 632 

— dioxide, 635 

— from petroleum brine. 530 

— heptatluoride. 639 
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Iodine heptoxide. 510 
—, history, 528 
—. manufacture. 529 
—, molecular weight. 532 

— monobromide. 539 

— monochloride. 539 

— nitrate. 540 

—, occurrence, 528 

— pentafluoride, 539 

— pentoxidc. 535 

— perchlorate. 540 

— phosphate, 540 
—, properties, 530 

— solutions, 530 

— sulphate, basic. 540 

— trichloride. 539 
—. uses, 532 
Iodoform. 532 
Iodole, 532 

Ionic atmosphere. 204 

— hypothesis, 19G. 201 

— theory and osmotic phenomena, 190 
-, Debye and Hiickel, 204 

-, modem developments, 203 

Ionium, 901 

Ionization constant. 237 
—. degree of, 199 
—. percentage, 200 
Ions, 193 

Ions, equilibrium ol. 237, et scq. 
Iridium, 879 

— sesquioxide, 8S2 

Iron, 836. See also Ferrous and Ferric 

— alum, 803 

—, atomic weight, 856 

— bromide. 001 

— carbonyls, 807 
—, cast. 843 

—, detection. 867 
—. determination. 867 

— disulphide. 802 

— enneacarbonyl, 807 
—. extraction. 838 

—. galvanized. 072 
—, history. 836 
—, manufacture. 838 

— occurrence, 838 
—. passive. 855 

— pcntacarbonyl, 807 
—. p»g. S43 

—. properties, 847, 854 

— - pyrites, 439. 838. 802 

— rusting, 855 

-steam equilibrium. 221 
sulphides, 802 

— tetracarbonyl. 807 
—. wrought. 843 
Ironstones, 838 
lsobares, 138 


Isomerism, 888 
—, geometrical. 888 
—. metal amminee, 888 
Isometric system crystals 170 
Isomorphism. 93 
—, atomic weights by, 93 
Isotopes, 132, 135 
—, separation, of 26 
Isotopic elements, 133 
Ivory black, 329 

j 

Jasper. 716 

Joule-Thomson effect. 39 
K 

Kainite, 494, 604, 645 
Kaolin. 721 
Kaolinite, 711 
Kelp. 528 

Kellner-Solvay cell. 498 
Kcnna metal. 819 
Kerargyrite, 024 
Kermes mineral. 789 
Kemite, 6S7 
Kessler apparatus, 467 
Kieselguhr, 715. 717 
Kiescrite, 494, 645, 050 
Kinetic theory and reaction velocity. 
225 

-. applications to liquids. 29 

-of chemical action, 221 

-, gases, 26. 27 

-, liquids. 29 

King’s yellow, 780 
Kipp's apparatus, 261 
Kohlrausch’s law, 199 
Kovar. 881 
Kryptol. 335 
Krypton, 551, 556 
Kupfernickel. 773, 873 

L 

Lampblack. 327 
Landolt, 52 
Lanthanons, 706 
Lanthanum, 707 
Lapis lazuli. 723 

— solis, 065 

Latent heat of evaporation, 30 

— image. 632 
Laughing gas, 425 
Lavoisier. 8, 9. 10, 50, 544 
Law, 3 

—, Blagden’s, 158 
—. Boyle s 12. 13. 28. 33 
—. Charles’s 15, 28 
—. combining volumes, 65 

— conservation of mass, 50 
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Law, constant composition, 53 
—, definite proportions. 54 
__' Dulong and Petit’s, 90 

_’ Gay-Lossac’s. 65 

—Graham’s 23. 24, 28 
—, Guldbcrg and NV&age s. 218 

_| Hardy-Schulze. 254 

—, Hauy’s. 166 
—, Henry’s. 163 
—. Hess’s. 213 
—, Kohlrausch’s. 199 
—, mass action, 218 
—. Mitscherlich’s. 93 
—. multiple proportions, 55 
—, octaves, 116 

_ # Ostwald's dilution. 237 

—* partial pressures. 19, 164 
—, periodic. 116 
—. Proust's, 55 
—, Kaoult’s. 182 
—, reciprocal proportions. .>t> 

—. Richter’s. 57 
—, Robin’s, 223 
—. Van’t Hoff's. 224 
—, WUllncr’s, 181 

Laws. Faraday’s electrolysis. 193 


Lazulitc. 752 
Lazuritc. 723 
Lead. 735 

— acetate, 744 

—, argentiferous, 625 

— arsenate, 779 

—, atomic weight 737 

— azide. 594 

— carbonate. 741 
_, basic, 741 

— chloride, 742 

— chlorite, 515 

— chromate. 743 


_, basic, 743 

—, desilverization. 625 

_, Parkes's process. 62.» 

_ f Pattinson’s process. 62 .» 


—, detection. 744 
—, determinat»on 744 

— dioxide. 739 

—, extraction. 735 

— fiuosilicate. 736 

— hydroxide. 740 

— hypophosphate. 766 

— iodide, 743 


— monoxide, 738 

— nitrate. 743 

— oxides, 738 

— oxychloride. 742 

— pencils. 335 

— peroxide. 740 

— plumbate, 739 
—, proj>crties, 736 


Lead sesquioxide. 739 

— suboxide. 738 

— sulphate. 743 

— sulphide. 743 

— tetracetate. 744 

— tetrachloride. 744 

— tetraethyl. 744 

— thiochloride. 743 

— tin alloys. 730 

— trinitride S?r lx“ad azide 
—, uses. 737 

Leblanc's process. 503, 581. .>91 

Ic Chatelier’s principle. 224 

Icelandic cell. 224 

I^cnard rays. 128 

Leonite. 494 

Lepidolite, 569 

Libavius. 7 

Lignite. 332 

Lime. 654 

— milk ol. 655 
—, slaked, 655 

— water. 655 
Limestone. 651 
Limiting densitv. 103 
Limomte. 838 

Linde's process, liquid ail. 39 

-, oxygen and nitrogen. 41 

Linkages, co-ordinate. 149 
—, covalent. 148 
—, electrovalent. 147 
—. heats of. 216 
Link, co-iomc. 149 
Liquation, 783 
Liquefaction ol gases. 37 

_, Linde’s process. 41 

Liquid an, 39 

Liquids, completely miscible. 161 

—. diffusion in. 175 

—. partially miscible. 161 

—, separation ol. 162 

Litharge. 738 

Lithia water. 571 

Lithium, 569 

— bicarbonate, 571 

— carbonate. 571 

— chloride, 571 

— chloroplatinate. 884 
—. detection. 572 

—, determination. 572 

— fluoride, 571 

— hydride, 570 

— hydroxide. 571 

— monoxide, 570 

— nitrate, 571 

— nitride. 571 

— peroxide. 671 

— phosphate, 571 

— sulphate, 671 



954 


INDEX 


Lithium urate, 571 

—, uses, 571 

Lithoponc, 675, 742 

Litmus, 245 

Loadstone, 838 

Lully, Raymond, 6 

Luminosity, acetylene theory, 386 

—, Davy’s theory, 385 

—. Frankland theory, 386 

— of flames, 385 
Luminous paints, 667 
Lunar caustic, 630 
Lutecium. 707 

M 

Magnaliuin, 647 

Magnesia. See Magnesium oxide. 

— alba. 645 

— nigra, 645 

Magnesii carbonas levis. 649 

— — ponderosa. 649 
Magncsiofcrntc, 701 
Magnesite, 645, 649 
Magnesium. 643 

ammonium phosphate, 650, 769 
—, atomic weight. 647 

— bicarbonate. 649 

— boride. 689 

— bromide, 650 

— carbonate. 649 
-. basic. 649 

— chloride, 649 
—, detection. 651 

—, determination, 651 

— hydroxide, 648 

— iodide. 650 

— manufacture. 645 

— nitrate, 650 

-. Dow process, 646 

— nitride. 395. 404 647, 651. 

—, occurrence. 645 

— oxide. 648 

— oxychloride. 649 

— potassium hydrogen carbonate, 600 
—, properties, 646 

— pyrophosphate. 650. 769 

— silicide, 714 

— sulphate. 650 
—, uses, 647 

Magnetic iron oxide. 701, 838, 857 
Magnetite, 838 
Magnus's green salt. SS5 
Malachite. 608, 615. 620 
Manganates, 829 
Manganese. 824 

— atomic weight 826 

— blende, 824 

— bronze, 612. 826 
—. detection, 833 


Manganese, determination, 833 

— dioxide, 828 

-, catalytic action. 304 

-, hydrated. 828, 829 

— dithionate, 481 

— heptoxide. 829 

— nitride. 825 

—. occurrence, 824 
—, preparation, 825 
—, properties, 825 
—, relation to halogens, 834 

— sesquioxidc, 827 

— tetrachloride, 827 

— trichloride, 827, 

— trioxide. 833 
—. uses. 825 
Manganic acid, 829 

— chloride, 833 

— hydroxide. 827 

— potassium alum, 833 

— sulphate, 833 
Manganin, 826, 874 
Manganitc, 824 
Manganites, 829 
Manganosic oxide. 827 
Manganous acid, 829 

— ammonium phosphate, 833 

— carbonate. 832 

— chloride. 832 

— dithionate, 481 

— hydroxide. 827 

— nitrate, 832 

— oxalate. 827 

— oxide. 826 

— sulphate. 832 

— sulphide. 832 
Manley. 52 
Marble. 651. 658 
Marcasite. 790, 862 
Marine-acid air, 502 
Marl. 658 

Marsaut’s safety lamp, 390 
Marsh gas, 340 
Marsh's test, 781 
Marshall's reaction. 477 
Martensite. 851 
Mary the Jewess, 6 
Mass action law, 218 
Massicot, 738 
Mass-spectrograph. 135 
Masurium, 833 
Matches, friction. 758 
—. safety. 758 
Matlockitc, 735 
Matte. 609 
Matter. 126 

—, structure ot. 120 et seq. 
Maxochlor. 514 

Mechanical mixtures, separation, 47 
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Meerschaum, 645 
Meiler, 328 
Meker burner. 389 
Menachanite. 745 
MendeK-eff’s periodic law. 116 
Mercuric amido-chloride. 682. 683 

— carbonate, 683 
-. basic, 683 

— chloride. 683 

— cyanide, 681, 685 

— diamino-chloride. 683 

— iodide. 683 

— nitrate, 684 
-, basic, 684 

— oxide. 680 

— oxychloride. 683 

— sulphate, 685 

— sulphide, 684 

— thiocyanate. 685 
Mercurous carbonate. 681 

— chloride, 681 
_ f vapour density. 68- 

— iodide. 682 

— nitrate, 682 
-, basic, 682 

— oxide, 681 

— sulphate. 682 

— sulphide, 682 

Mercury. 677 
—, atomic weight. 

— carbonates. 681 

_. detection, 685 

_. determination, 685 

—. extraction, 678 

_ t occurrence. 678 

— peroxide, 680 
_ properties, 679 

— sulphides, 682. 684 

— thiochloride. 684 

— thionitrate, 684 
—, uses, 650 
Meta-alummates. 700 _ 

Meta-antiiuonic acid. <88 
Meta-aiitomimous acul. 
Meta-antimonitcs. 78 , 

Meta-arsenious acul. <<8 
Meta-bisinuthic acid 793 
Metaboric acid. 692 

Metacarbonates. 365 

Metacarbonic acid, 365 
Metacinnabar, 684 
Metalloids. 114 
Metals. 114, 559 
—. extraction, 563 

_ hydrogen equivalent. 80 

—, noble, 636 

_ # properties. 563 

Metaphosphites. 766 
Metaphosphoric acid. 763, 763. 767, 


680 

683 


Metasilicic acid. 718 
Metastannic acid. 729, 731 

— —, x, 731 

-. f*. 731 

Mcthune. 331. 340 
—, formula. 343 
—, properties. 342 
Methyl orange. 246 
Mica. 704 

Microcosmic salt. 590 
Micro-organisms. 545 
Millerite. 873 
Mineral benefication. 559 
Minium. 739 
Mischmetall. 70S 
Mispickc), 773 
Mitscherlich's law, 93 
Mixtures. 45 
—. constant boiling. 102 
—. properties of, 48 
—, separation of. 47 
Mobility, ionic. 199 
Mohr’s salt. 861 
Moisture in atmosphere. 548 
Molecular attraction. 33 

— compounds. 291 

— conductivity. 197 

— theory of matter. 27 

— weight, acids. 186 

_'and vapour density. 73. 76 

_. bases. 186 

— weights, 69 
-.abnormal. 190 

_and osmotic pressure. 182 

_. Beckmann boiling-point pro¬ 
cess. 184 

_, — freezing-point process. 186 

_, McCoy boiling-point process. 185 

_. practical met lux Is. 183 

Molecule. 67, 68 
Molecules. 26. 67 ti seq. 

—. kinetic theory. 27 

— speed of. 29 
Molybdates, 817 
Molybdenite, 816 
Molybdenum, 816 

— steel 816. 854 
Molybdic acid. 817 
Molybditc. 816 
Monazitc. 706, 747. 752. 700 
Monel metal. 612. 874 
Monocalcium phosphate. 662 
Monoclinic system crystals. 168 
Monosymmctric system crystals. 168 
Monotropy, 444 

Mordant. 700 
Mortar, 656 
Mosaic gold. 734 
768 Muriatic acid, 502 
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N 

Nascent action 266 

— state. 266 
Natural gas, 340, 554 
Neodymium, 707 
Neon. 25. 55i. 555 
Nephelometer, 100 
Neptunium. 904 

Kessler’s solution. 407, 602, 684 
Neutralization, heat of. 215 
—, heats of, 201 
—, ionic theory of, 243 
Neutron. 132, 139 
Newland's law octaves. 116 
Newton's metal, 791 
Niccolite, 873 
Nichrome, 806 
Nickel, 872 

— alloys. 874 

— ammonium sulphate. 877 
—. atomic weight. 874 

— carbonate. 876 

— carbonyl, 373, 873, 877 

— chloride. 876 
—, detection, 877 

—. determination. 877 

— dioxide. 875 

—, extraction, 873 
—,—, Orford process. 873 
—,—, Mond process. 873 

— glance. 773, 873 

— nitrate, 876 

—. occurrence, 873 

—, properties. 874 

—. separation from cobalt, 872, 877 

— sesquioxide. 875 

— silver. 874 

— steel. 874 

— sulphate. 876 

— sulphide. 876 
—, uses. 874 

Nickelic hydroxide. 875 

— oxide. 875 
Nickelosic oxide, 875 
Nickclous hydroxide. 875 

— oxide. 875 
Niobite, 796 
Niobium, 795 

— carbide. 790 

Niton. 131. 552. 557. 895. 902 
Nitrates. 422, 567 
—. detection. 422 
Nitration, 419 
Nitre. 602 

— beds. 602 

— cake. 416, 501 
Nitric acid. 414 

-. action on inetals, 420 

-, detection. 422 


Nitric acid, determination, 422 

-, fuming, 514 

-, manufacture. 415 

-. preparation. 414 

-. properties. 418 

-. purification. 415 

-. uses, 421 

— anhydride, 436 

— oxide, 224, 427 
Nitrides, 395 
Nitriding. 405, 854 
Nitrification, 413 
Nitrites. 424 

—. detection. 423 
Nitrochalk, 410, 659 
Nitrogen. 392 
—, active. 395 
—. atomic weight. 97, 396 

— chloride. 411 

—, Claude's process, 42 

— cycle. 413 

—, detection, 397 
—. determination, 397 

— fixation. 412 

-. Birkeland-Eyde process, 416 

-. by bacteria, 413 

-, Cyanamide process, 595, 653 

-. Haber process, 400 

—. formula. 396 

— hexoxide, 436 

— iodide. 411 

—. Linde's process, 40 
—, occurrence, 392 

— oxides. 424 
-, properties, 437 

— pentoxide, 436 
Nitrogen peroxide. 432 

-, dissociation. 219 

—. preparation. 392 
—. properties. 394 

— tetroxide. 432 

— trioxide, 431 
—. uses. 396 
Nitro-group, 420 
Nitrolim, 395. 595. 653 
Nitron. 422 
Nitroprussic acid. 865 
Nitrosulphuric acid. 435 
Nit rosy 1 chloride. 437 
Nitrosyl-hydrogen sulphate, 435. 467 
Nitrous acid. 423 

— anhydride. 432 

— oxide. 425 
Noble gases, 545 

— metals. 636 
Nomenclature. 63 
—. compounds. 63 
—, elements. 03 
Non-conductor. 192 
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Non-electrolytes, 192 
Non-metals. 114 
Nordhauscn sulphuric acid. 476 
Normal solution, 79 
Normalizing, 853 
Norwegian saltpetre. 417, 660 
Nuclear fission. 903 
— reactions, 902 
Nucleus. 132 


O 

Oblique system crystals 168 

Observation, 2 

Occlusion, 265 

Occurrence of elements. 126 

Octahedral system crystals. 170 

Ohm. 157 

Oil. from coal, 358 

Oildag. 335 

Olefiant gas. 346 

Oleum. 470. 476 

Olivine. 645, 719 

Onyx, 658 

Opal. 716 

Open hearth process, steel 846 
Orangite, 747 
Orpimcnt. 773. 780 
Orthoantimonic acid. 788 
Orthoantimonious acid. 788 
Orthoarsenic acid, 788 
Orthoarsenious acid. 778 
Orthoboric acid. 091 
Orthocarbonates. 365 
Orthocarbonic acid. 365 
Orthoclase, 704. 711 
Orthophosphoric acid. 763. 765. ' >8 
Orthorhombic system crystals. 169 


Orthosilicates. 719 
Orthosilicic acid. 718 
Orthostannic acid. 731 
Osmic acid. 883 
Osmium. 878 

— sesquioxide. 883 

— tetroxide, 883 

— trioxide, 883 
Osmosis. 176 
Osmotic pressure, 176 

abnormal. 190 
Calendar's hypothesis. 179 
measurement. 176 
mechanism. 179 

Pfeifer's measurements. 


176 


I - -- 

van’t Hoff's hypothesis. 
|/|'g <1 tint ion law. 237 


178 


Ostwald's dilution law 


Overvoltage. 209 
Ovcrpotential. 210 
Oxidation. 316 
Oxides. 308. 565 
—■. acidic. 309 


Oxides amphoteric. 309 

—. basic. 309 

—, compound. 310 

—. neutral. 308 

—, preparation. 310. 565 

Oxidizing agent, equivalent weight. 80 

Oxidizing agents. 318 

Oxine. 651. 675. 704 

Oxone. 303 

Oxygen. 301. 545 

—. atomic weight. 307 

—, Claude’s process. 42 

—. formula. 307 

—, history of discovery 301 

—. isotopes. 139. 307 

—. manufacture. 41. 305^ 

-. Brin’s process. 305 

-, Linde’s process. 41 

—. occurrence. 301 

—. preparation. 302 

—, properties, 305 

—. standard atomic weights. 95 

.—, uses, 308 

Oxyhydrogen flame. 270 

Oxyliquitc. 308 

Oxymuriatic acid. 493 

Ozone. 318 

—, density of. 26 

—, detection. 323 

—. determination. 323 

—. formation. 318 

—. formula. 322 

—. history, 318 

—. preparation. 319 

—, projK-rties. 320 

—, structure. 323 

—. tests. 324 

—. uses. 325 


P 

Packing effects 139 

— energy, 904 

— fractions. 139 
Palladium, 878 

— dichloride, 884 

— tetrachloride. 883 
Palladous iodide. 884 

— oxide. 882 
Panning gold. 634 
Paracelsus, 7 
Paracyanogen, 378 
Paraperiodic acid, 538 
Paris green. 778 

Parkes’s dcsilvonzation process. 625 
Parting gold. 635 
Passivity. 420. 805. 855 
Patronitc, 794 

Pattinson's desilverization process. 02o 

— white lead. 743 
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Pearl ite, 849 
Pearl white, 793 
Pcntathionic acid. 482 
Perborates, 693 
Perchlorates, 518 
Perchloric acid. 618 
Perchloron, 514 
Perchromates, 815 
Perdisulphuric acid, 477 
Perfect gases, 19 
Perhydrol, 296 
Period, half-life, 997 
Period of average life, 897 
Period of induction. 500, 537 
Periodates, 637 
Periodic acids, 537 

-, nomenclature, 538 

Periodic law, 116 

-, applications, 122 

-, defects, 124 

Permalloy, 874 

Permanent hardness, water, 281 
Permanganates, 830, et scq. 
Permanganic acid. 830 
— anhydride, 829 
Pcrmanganyl-sulphatc. 828, 831 
Permonosulphuric acid. 477 
Permutit, 283. 704 
Peroxides, 310 
Pcrsulphates, 476 
—, constitution, 477 
Persulphuric acid. 476 
Pctalite, 569 
Petroleum. 341 
Pewter, 730. 786 
pH, 247 


Phenolphthalein, 240 
Philosopher's stone, 7 
Phlogisticatcd air. 392 
Phlogiston, 9 

— theory. 9 
Phosgene. 373, 377 
Phosphate, detection. 768 
—, determination. 708 

— rock, 752 
Phosphides, 750 
Phosphine, 759 
Phosphites, 705 
Phosphonium chloride, 761 

— compounds. 761 

— iodide, 761 
Phosphor bronze, 012 
Phosphorescence, 060, 667, 756 
Phosphor tin, 730 


Phosphoric acid, glacial, 767 

— acids, 766, et scq. 

-, reactions of, 768 

— oxide, 763 
Phosphorite. 752 
Phosphorous acid, 764, 767 

— acids, structure of, 767 

— oxide. 762 
Phosphorus, 761 
—, allotropy. 754 

—, atomic weight, 759 
—, black, 754 

— cycle. 752 

— dihydride, 761 

— di-iodide, 772 

—, Hittorf’s metallic, 758 

— hydrides. 750, et scq. 

—, manufacture, 752 
-, electrical process. 753 

— oxychloride, 772 

— oxyfluoride, 769 

— pentabromide, 772 

— pentachloride, 770 

— pentafluoride, 769 

— pentaiodide, 772 

— pentasulphide, 773 
• — pentoxide, 763 

, —, properties, 754 
’ —, purification. 753 
. red, 756 

—, Schenk’s scarlet, 758 

— sesquisulphidc, 773 

— suboxidc, 762 

— sulphide, 772 

— tetroxide, 762 

— tribromide, 772 

— trichloride, 769 

— trifluoride. 769 

— tri-iodide, 772 

— trioxide. 762 
—, uses, 758 
—, violet. 754 
—, yellow, 754 
Phosphoryl bromide. 772 

— chloride, 772 

— fluoride, 769 
Photography. 632 
Photosynthesis 359 
Physical changes, 43 
Pig iron, 842 

Pink salt. 733 
Pitchblende, 796. 820 
Placer mining, gold, 634 
Planck’s constant, 140 
Plaster of Paris, 660 
Platinates, 882 
Platinic hydroxide. 882 

— salts. 882 
Platiniridium, 881 


Pharaoh s serpents. 688 
Phase. 159 
Phase rule, 159 

-, classification ol systems by, 159 

-, Gibbs’s 159 
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Platinite, 874 
Platinized asbestos. 882 
Platinous hydroxide, 882 

— oxide, 882 
Platinum. 877. el seq. 

— ammines, 886 

— arsenide, 880 
—. black. 882 

— carbide, 881 

— dichloride. 883 

— dioxide, 882 

— disulphide. 880 

— metals, 877 

- # extraction. 879 

-, properties, 879 

-, uses. 879 

— nitrate. 880 


— phosphide, 880 
—, spongy. 882 

— sulphide. 880 

— tetrachloride. 883 
—, uses, 879 
Pleonastc, 701 
Pliny. 5 
Plumbago, 333 
Plumbitcs, 738 
Plutonium, 904 
Pneumatic trough. 201 
Polarization, 206 
Pollucitc, 605 
Pollux. 605 

Polonium, 821, 823, 902 
Polychromates. 809 
Polychroinic acids, 809 
Polyhalite. 493 
Polyiodides. 531 
Polyoxidcs, 310 
Polysulphides, 691. 604. 660 
Polythionic acids. 480 
Porcelain. 722 
Portland cement. 056 
Positive ray analysis. 134 


— rays, 134 
Positron, 132 
Potable water. 280 


Potash, 600 


Potassium. 597 

— aluminatc, 700 

— antimonyl tartrate, 789 

— argento-cyanide. 024. 630 
—, atomic weight, 698 

— auratc, 038 

— bicarbonate. 001 


— bisulphate. 604 

— bromatc, 627 

— bromide, 601 

— carbonate. 600 
_, hydrates, of 600 

— carbonyl, 698 


Potassium chlorate. 510 
-action, heat on. 303 

— chloride, 493. 601 

— chlorite, 515 

— chlorochromate, 812 

— chloroplatinate, 005 884 

— chloroplatinite, 885 

— chromate. 810, 811 

— chromium alum. 814 

— cobaltinitritc. 605. 871 

— cobaltite. 868 

— cuprocyanide. 021 

— cyanate. 379. 380 

— cyanide, 004 
—, detection. 60.5 

—, determination. 005 

— dichromate. 810 

— (dihydrogen) pyroantimonate. 788 

— ferrate, 858 

— dioxide. 599 

— ferricyanide. 805 

— fcrrocyanide. 595. 803 

— hexathionatc*. 482 

— hydride, 598 

— hydrogen fluoride. 487. 492 

— hydroxide. 599 

— iodate, 535 

— iodide, 602 

— magnesium chloride. 493 

— manganatc, 830 

— manganitc. 829 

— mercuric iodide. 002. 684 

— metabismuthate. 793 

— metabisulphite. 401 

— metaplumbate. 740 

— monoxide. 598 

— nitrate, 002 

—, occurrence. 597 

— pentasulphidc, 004 

— pentathionate. 482 

— perchlorate. 303. 519, 005 

— permanganate, 830 

— peroxide, 598 

— pen uthenate. HS3 

— persulphate. 477 

— plumbite, 741 

—, preparation. 597 

— pyroantimonate, 788 
•—, radioactivity. 598 

— ruthenate. 883 

— silicate, 716 

— silver cyanide, 624. 630 

— sulphate. 604 

— sulphides, 604 

— tetrachroinate, 809 

— tetroxide, 599 

— thiocyanate, 632 

— titanate, 746 

— trichromate, 809 
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Potassium tri-iodide, 602 
Potential, electrode, 207 
Pottery, 722 
Powder of Algaroth, 788 
Praseodymium. 707 
Precht's process, 600 
Precipitates, solution of. 241 
Precipitation, ionic theory of, 
239 

Preparing salts. 732 
Priestley, 10 
Primal element. 126 
Prismatic system crystals. 169 
Producer, 369 
Producer gas, 350, 369 
Properties, colligativc, 179 
Protoactinium, 796, 897, 902 
Proton, 132 

Proust v. Berthollet, 54 

— law, 55 
Prussian blue, 866 

— green. 865 
Prussic acid. 379, 863 
Prout's hypothesis. 126 
Pseudo alums. 704 
Pseudo-unimoculelar reactions. 

229 

Psilomelane, 665, 828 
Puddling furnace, 843 
Pure substances, 44 
Purple of Cassius. 636. 638 
Pyramidal system crystals. 169 
Pyrite. 171, 862 
Pyrites, cupriferous, 439. 607 
iron. 171, 439. 838 
Pyrene. 369 

Pyroantimonic acid. 788 
Pyroantimonious acid, 787 
IVroarsenious acid, 778 
Pyrolusite. 496. 645, 824. 828 
Pyromorphitc, 735 
Pyrophosphites, 765 
Pyrophosphoric acid, 766, 768 
Pyrophosphorous acid. 765 
Pvrosulphates, 476 
Pyrosulphnric acid, 476 
Pyroxenes. 719 


Quadratic system crystals. 169 
Quanta of energy. 140 
Quantum theory. 140 
Quartz. 711, 715 
— amethyst. 715 
—, milky. 715 
. smoky, 715 
Quartzite. 715 

Quaternary system crystals. 169 
Quicklime, 654 


R 

Radical, 377 
Radiant matter, 127 
Radioactivity, 130, 892 
—. artificial. 147, 903 
Radioactivity. Rutherford and Soddy's 
atomic disintegration hypothesis, 
131 

—. spontaneous disintegration theory. 
131 

Radio-elements, artificial. 903 

-.in periodic table. 132 

Radium. 130, 668, 893, 901 
—. degradation. 895 

— emanation, 557. 894 
Radon. 131, 552, 557. 895. 902 
Ram water. 278 

Raoult’s law. 182 
Rare earths, 119, 706 

-. in periodic law, 119, 125 

Rasorite, 692 
Rays, a. 130 

— 0. 130 
—. Y. 130 

—. Becquerel, 130. 892 
—. canal. 134 
—. cathode. 127 
Rays. Lenard, 127 
—, positive. 134 
—. Rontgen. 128 
—. X. 128 

Reaction, balanced. 218 
—, endothermic. 216 
—. exothermic, 216 
—, heat of. 212 
—, order of. 227 
—. reversible, 218 
Reactions, bimolccular, 228, 230 
—. pseudo-unimolecular. 229 
—. unimolecular. 229 
Realgar, 773, 780 
Recalescence. 848 
Rccoura's sulphate, 814 
Recrystallization. 155 
Red lead. 739 

— ochre, 858 

— phosphorus, 754, 756 

— prussiatc of potash. 865 

— zinc ore, 669 
Reducing agents. 318 
Reduction, 316 
Reef gold. 634 
Refrigeration, 402 
Regular system crystals. 170 
Regulus of Venus. 785 
Reinsch's test, arsenic. 782 

— antimony. 790 
Relaxation time. 204 
Resonance, 150 
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Respiration, 369 
Reversed combustion. 381 
Reversible reaction. 218 
Rhazes. 6 
Rhenium, 834 
Rhodium. 879, 881 
__ sesquioxide, 883 
Rhodochrosite, 824 
Rhodonite, 824 

Rhombic system crystals. 169 
Khombohcdral system crystals, 170 
Richter's law, 67 
Richards, 96 

Robin’s law. equilibrium, 223 
Rock crystal, 715 

— salt. 493 
Rbntgcn rays, 128 
Rose's fusible metal. 791 
Rouge, 868 
Rubidium, 606 

— chloroplatinate, 884 
Ruby, 699 

— ore, 607 
Rust. 856 

Rusting of iron, 855 
Ruthenium, 879 

— sesquioxide, 883 

— tetroxide, 883 

— trioxide, 883 
Rutherford's atom. 131 
Rutile, 745 

S 

Safety-lamp. 389 

-, Davy's 390 

-, Marsaut's. 390 

Sal ammoniac. 408 
Salt. 312. 493. 572 

— hydrates, 291 
_, dissociation, 222 

— hydrolysis. 244 
Salt-cake. 581, 691 

-furnace. 591 

Salt-glaze, 688, 722 
Saltern, 586 
Saltpetre, 602 

— Chile, 416. 589 

— Lcuna, 410 

— Norwegian. 417. 660 
5alts. acid, 313 

—, basic, 314 
—, complex, 886 
—, double, 167 
—, ionic theory ol. 316 
— t normal, 312 
Samarium, 707 
Samarskitc, 707 
Sand, 711 
Sapphire, 696 

21 


Satin spar, 658 
Scandium, 122. 706 
Schecle. 10 
Scheele's green. 178 
Scheelite. 818 

Schenk’s scarlet phosphorus. 758 
Schlippe's salt. 789 
Schbnite. 493, 604. 650 
Schbrl. 46 

Schweinfurt green. 778 
Schweitzer’s reagent. 616 
Science, aim of. 1 
Seaweed. 528 
Seidlitz powder, 586 
Siemens ozone tube, 319 
Siemens regenerative furnace. 846 
Selenium. 800 

— alums, 703 

—, atomic weight ol, 93 
Scini-water gas. 371 
Semipermeable membrane, 176 
Serpentine, 045 
Sherardizing. 672 
Sidcritc. 838 
Silane. 714 
Silica. 711. 715 
—, amorphous, 715 

— bricks, 717 

— garden. 718 

— gel, 718 

—. properties. 716 
Silicanc. 714 

Silicates. 718^ 

Silicic acids. 7 17 
Silicidcs. 713 
Silico-acctylene. 714 
Silico-chloroforin. 724 
Silico-ethane. 71 I 
Silico-ethylcnc. 714 
Silico-mesoxalic at. id. <18 
Silico-mcthanc. 714 
Silico-spiegcl. 826 
Silicon, 711 
—, amorphous. 712 
—, atomic weight, 713 

— bronze. 612. 713 

— carbide, 714 

—. crystalline. 712 

— dioxide. 715 

— hexachloridc, 724 

— hydrides. 714 

— nitride, 713 

—, preparation, 711 
—. properties. 713 
—, specific heat. 90 

— tetrachloride, 692 

— tetralluoridc. 724 
Silico-oxalic acid. 72* 

Silver, 623 
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Silver ammines, 629 

— antimonide. 787 

— arsenide, 776 

— arsenite, 778 

—, atomic weight, 97. 627 

— bromide, 629 

— carbonate, 628 

— chloride, 629 

-, action of light on. 632 

— chromate, 631 
—, colloidal, 626 

— cyanide, 630 
—, detection, 631 

—, determination, 631 

— difluoride, 629 
—, extraction, 624 

— fluoride, 628 

— glance, 624 
—, history. 623 

— hydroxide, 627 

— hyponitritc, 424 

— iodide, 630 
-lead alloys, 625 

— metaperiod ate, 538 

— nitrate. 630 

— nitride, 628 

— nitrite. 630 

—, occurrence, 623 

— orthophosphate. 768 

— oxide, 627 

— paraperiodatc, 538 

— permanganate, 832 

— pernitrate. 628 

— peroxide, 628 
—, properties, 626 

— scsquioxidc. 628 

— sodium thiosulphate. 629 
—, spitting of, 626 

— subfluoridc. 628 

— sulphate. 630 

— sulphide. 630 

— thiocyanate. 632 

— tin amalgam, 679 

— trithionate, 481 
—, uses. 626 

-zinc alloys. 625 

Simon-Carves coke oven. 357 
Simple cell. 205 
Smalt, 869 
Smaltite, 868 

Smithclls flame separator, 388 

Soda. 581 

Soda-ash, 584 

Soda-lime, 581 

Sodamide, 594 

Sodium, 572 

— aluminate, 700, 702 

— aluminium fluoride, 695 

— amalgams, 679 


Sodium ammonium hydrogen phos 
phate, 596 

-phosphate, 752 

— arsenate, 779 

— arsenide, 776 

—, atomic weight, 576 

— azide. 594 

— bicarbonate. 583 

— bismuthate. 833 

— bisulphate, 592 

— bisulphite, 593 

— bromide. 588 

— carbonate, 572, 581 

— —, manufacture, 581 
—- chlorate, 517, 520 

— chloride, 494, 586 

-, occurrence, 572 

-, properties, 588 

-, purification, 588 

-, uses. 588 

— chlorate, 515 

— chloroplatinate, 884 

— chromate, 810, 811 

— cobaltinitrate, 605 

— cyanide, 594 
—, detection, 596 

—, determination, 596 

— dichromate, 810 

— dihydrogen phosphate, 313, 596 

— dithionate, 481 

— diuranate, 821 

— ferrite, 858 

— ferrocyanide. 595, 864 

— fluoride, 588 

— formate, 373 

— history, 572 

— hexamctaphosphate. 284, 596, 767 

— hydride, 576 

— hydrosulphide. 590 

— hydrosulphite, 480 

— hydroxide, 577 
-, manufacture. 577 

— hypobromite, 527 

— hypochlorite, 512 

— hyponitritc, 424 

— hypophosphite. 764 

— hyposulphite, 478, 480 
•— iodate, 589 

— iodide. 588 

— magnesium uranium acetate, 597 

— manganate, 830 
—, manufacture, 573 

— meta-antimonite. 787 

— metaborate, 693 

— metaphosphate, 596 

— monoxide, 576 

— nitrate. 589 

-, conversion to potassium nitrate 

602 
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Sodium nitrite. 500 

— nitroferrocyanide, *61 

— nitroprussidc. *64 
—. occurrence. 572 

— orthophosphate. 595. 766 

— oxides. 576 

— paraperiodate. 535 

— perborate. 603 

— perchlorate. 520. 580 

— permanganate. 832 

— peroxide. 576 

— phosphate. 505 
-, normal. 505 

— phosphide, 756 

— platinate, 882 

— polysulphidcs. 501 
—, properties. 574 

— pyroantimonate. 507. 788 

— pyrophosphate. 596^ 

— pyrosulphate. 476, 503 

— scsquicarbonate. 586 

— silicate, 716 

— stannatc, 732 

— sulphate. 501 
-, solubility. 156 

— sulphide, 500 

— sulphite. 503 

— tetraborate, 602 

— tetrathionate. 481 

— thioantunonatc, 780 
—. thiosulphate. 47s. 503 

— trithionate. 481 

— tungstate. 810 
—, uses, 575 

—■ zincate. 672 

— zinc uranyl acetate. 507 
Sofliom. 601 

Solnolite. 581 
Softening water, 282 

_. base-exchange process. 283 

_, Clarke's process. 2*2 

-, Permutit process. 283 

Solar salt. 587 
Solder. 730 
Solfatara. 430 
Solids, reactions ol, 226 
Solubility. 152 

— curves, 154 

-, abnormal, 156 

—, gases, 162 

-, measuring. 164 

— ionic theory of, 14* 241 
—mixed gases, 164 

— product. 238 

—, solids measuring. 152 
Soluble glass, 716 
Solute, 151 
Solution, 151 
—, normal, 70 


Solution, saturated. 152 
Solutions, colloidal. 152 
—, colours of. 201 
—, dilute, 175 
—, freezing of. 157 
—, gases in gases. 165 
—,—. in liquids. 162 
—,—. in solids. 162 
—, isosmotic, 176 
—. isotonic, 176 
—. liquid in liquids 161 
—, solid. 161 
—, solids in liquids. 151 
—, solids in solids. 161 
—, true. 151 

Solvay ammonia-soda process. 582 
Solvent. 151 

—. action on electrolytes. 148. 241 

Sombrcrite. 752 

Sorbite, 850 

Sorel’s cement. 650 

Soret's optical test. 385 

Space lattices. 172 

Spathic iron ore. 838 

Specific conductivity. 197 

Specific heat. 74. 90 

Specific heat at constant pressure. 74 

-- volume. 74 

-ol gases, 74 

_, ratio of two. 74. 75 

— resistance. 197 
Specular iron ore. 838 
Speculum metal. 612 

— oxide. 355 
Spcrrylite. 881 
Sphene. 745 
Spiegeleisen, 826. 845 
Spinel. 645. 701 
Spirits of salt. 502 
Spodumene. 569 
Spring’s reaction, 478 
Stahl. 9 
Stalactites, 285 
Stalagmites, 285 
Stalloy. 713 
Stannic chloride, 733 

— hydroxide. 731 

— oxide. 732 

— sulphide, 734 
Stannitv. 727 
Stannitcs, 731 
Stannous chloride. 733 

— hydroxide. 731 

— oxide, "31 

.— sulphide. 734 
Stas. 96 

Stassfurt. •'all beds. 193 

-, history. 494 

-, origin, 494 
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Stassfurt, salt beds, uses, 493 
Stationary states, 140 
Staybrite, 806 
Steam-iron equilibrium, 221 
—, volume synthesis. 276 
Steatite, 645 
Steel, annealing, 853 
—. chrome-vanadium, 795, 806 
—. chromium-molybdenum, 816 
—, constitution, 847, et seq. 

—. high speed, 817 
—. manufacture, 844 

-, acid Bessemer process, 846 

-, basic Bessemer process, 846 

-, Bessemer process. 845 

-, cementation process. 844 

-, crucible process, 844 

-. electric process. 847 

-, open hearth process. 846 

-, Siemens-Martin process, 846 

—, nickel-molybdenum. 816 
—, properties. 847 
—, recalescence. 848 
—, stainless, 806 
—, tempering, 852 
Steels, acid proof. 817 
Stellite. 806, 819 
Stereotype metal, 786 
Stibine, 786 
Stibnite. 439. 783 
Storage cells. 740 
Strontia. 663 
Strontianitc. 663 
Strontium. 663 

— carbonate, 664 

— chloride, 664 

— hydroxide. 664 

— uitratc, 664 

— oxide. 664 

— sulphate. 664 
Sublimation. 408 
Substitution, 343 
Sugar of lead. 744 
Suint, 600 

Sulphates, 439. 475. 567 
Sulphides. 439. 451, 567 
Sulphites. 460 
acid. 460 
—, normal. 460 
Sulpho Ser Thio 
Sulphoxylic acid. 480 
Sulphur, 438 
—. 443 

—. 0-. 443 
—. Y". 444 
—, S-. 445 
—, X-, 446 

— H-. 446 
—, 7T-, 442 


Sulphur, action of heat on, 445 
—, allotropy, 441 
—, amorphous, 446 

— and Phase rule, 442 
—, atomic weight, 447 

— bromide, 485 

— chloride, 484 
—, colloidal. 445 

— compounds in atmosphere, 547 

— decafluoride, 484 

— dichloride, 485 

— dioxide. 454 

-, dissociation, 467 

-, formula, 458 

-. history, 454 

-, occurrence, 454 

-, preparation. 455 

-, properties. 456 

-, reducing properties. 469 

-, uses. 458 

— extraction. 439 

-, Frasch process, 44 

—, flowers of. 440 

—, gypsum, 439 

— heptoxide, 479 

— hexafluoride. 484 
—, liver of. 551, 604 
—, milk of, 445 

—, molecular weight, 447 
—, molten, 445 
—, monoclinic. 443 

— monoxide. 479 
—, nacreous. 442 
—, occurrence. 438 
—, octahedral. 443 
—, plastic. 444 

—, prismatic. 443 
—, properties, 446 

-. from waste gases. 441 

—, rhombic. 443 
—. rhombohedral, 442 
—, rock. 441 
—. roll. 441 

— sesquioxide 479 
—. solfataric, 439 
—. soluble, 446 

—, tabular. 442 

— tetrachloride. 485 

— tetroxide. 479 
—. triclinic, 442 

— trioxide. 461 

— trioxide, a-, 462 

-. 0-, 462 

-. y-. 462 

-, history. 461 

-, liquid, 462 

-, preparation. 461 

-. properties, 462 

-, solid, 462 
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Sulphur, uses, 447 
Sulphuric acid, 464 

-, boiling-point, 471 

-, concentration, 467 

-, constitution, 474 

-, detection. 475 

-, determination, 475 

-, dilution of. 471 

-, formula, 473 

-, fuming, 470. 476 

-. history. 463 

-, hydrates of, 471 

-, manufacture. 464 

-, chamber process, 464 

-, contact process, 468 

-, tower system. 466 

-, monohydrated, 472 

-, Nordhausen. 476 

-, occurrence, 463 

-, properties, 471 

-, structure, 474 

-, tetrahydrated. 472 

-. uses, 473 

— anhydride, 461 
Sulphurous acid, 458 
-, constitution. 460 

— anhydride. 454 
Sulphuryl chloride. 474. 483 

— fluoride. 483 
Supcroxides. 310 
Superphosphates. 662 
Surface tension. 29 
Suspensions. 152 
Suspcnsoid, 251 
Sylvine. 493, 601 
Symbiosis, 413 
Symbols. 62, 107 
Symmetry, 167 

—, axis of. 168 
—, planes, of 167 
Synthol. 375 

T 

Talc. 645 
Tantalite, 706 
Tantalum, 795 

— carbide, 796 
Tar, 366 

Tartar emetic, 787. 789 
Tellurium. 801 
Tempering. 852 

Temporary hardness of water, 281 

Terbium. 706 

Terra-cotta ware, 722 

Terra pinguis, 9 

Tesseral system crystals. 170 

Tctraboric acid. 601 

Tetrachloroiodidcs. 639 


Tetradymite. 790. 802 
Tetragonal system crystals. 169 
Tetrathionic acid, 481 
Thallium. 705 
Theory, 3 

Thermal expansion, coefficient of, 16 
Thermite. 698 
Thermochemistry. 212 
Thioantimonates, 789 
Thioantimonites. 789 
Thioarsenates, 781 
Thioarsenious acid. 780 
Thioarscnites. 780 
Thiocarbonates. 377 
Thionyl bromide. 483 

— chloride. 482 

— fluoride, 483 
Thiostannates. 734 
Thiosulphates, 478 
Thiosulphuric acid. 478 
Thoria. 747 

Thorite, 747 
Thorium. 747. 902 
Three element theory. 6 
Thulium. 706 
Thymolphthalcin. 246 
Tin. 726 

—, allotropic forms, 729 
—. alloys. 730 

— amalgam. 679 

—. atomic weight. 730 
—, black. 727 
—. detection. 734 
—, determination, 734 
—, extraction, 727 
—. grey. 729 

— -lead .alloys, 730 
—. lode, 727 

— plate. 730 

—, properties, 728 

— pyrites, 727 
—, refining. 728 
—, rhombic. 729 

— salt. 733 

—, Straits', 727 

— sulphides, 734 
—. tetragonal. 729 
—, uses, 730 

—, vein, 727 
—, white, 727 
Tincal, 687. 692 
Tinstone, 727 
Titanatcs. 746 
Titanic acid. 746 

— chloride, 746 

— hydroxide, 746 
Titanitc. 745 
Titanium, 746 

—. carbide. 746 
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Titanium dioxide. 746 

— monoxide. 746 

— nitride. 745 

— sesquioxide, 746 

— tetrachloride, 746 
Titanous chloride, 746 
Titanox, 746 

Titration, electrometric 249 

— potentiometric, 249 
Tracer element. 903 
Transmutation, atomic. 146 
Transition point. 156 

— temperatures, 156 
Travertine. 285 
Tricalcium phosphate. G61 
Triclinic system crystals, 168 
Tridymite, 715 

Triferric tetroxide, 857 
Trigonal system crystals. 170 
Trimanganese tetroxide. 827 
Triinetric system crystals, 169 
Triple point. 160 
Trithionic acid, 481 
Trona. 572 
Troostite, 853 
Tungsten. 818 
Tungstcnite, 818 
Turmeric, 245 
Turnbull's blue. 866 
Turpeth mineral. 685 
Turquoise, 695. 752 
Tuscany boric acid. 687 
Tuyeres, 840 
Tyndall effect. 253. 256 
Tyndall’s optical test. 253, 445 
Type metal. 786 


U 

Ultrafilter. 257 
Ultramarine. 723 
Ultramicroscope. 256 
Ultramicroscopy. 256 
Uni molecular reactions. 229 
Unitary theory of matter. 126 
Univariant system. 160 
Uraninitc. 820 
Uranium. 820 
Uraniun-235, 904 
—. degradation of. 837 
—. isotopes. 899 
Uranyl salts. 821 
Urea. 380 


V 

Vacuum. Torricellian. 31 
Valency (or Valence). 92 
—, auxilary. 885 
—, electronic theory, 147, 889 
—, main, 885 


Valency, principal. 885 
—, variable. 92 
—, Werner’s theory of, 885 
Valentine, Basil, 7 
Vanadinite, 794 
Vanadium, 794 

Van der Waals' gas equation, 33 
Van Helmont, 7 

Van't Hoff's equilibrium law, 224 

-hypothesis osmotic pressure, 178 

Vaporization, latent heat of, 30 
Vapour, 30 

— density, 69 

— -and molecular weights, 73, 76 

Vapour density determinations, direct 

weighing. 70 

-. Dumas’ process, 70 

-, Hofmann's process, 71 

-. Victor Meyer's process, 72 

— pressure, 31 

-and osmotic pressure, 179 

-. relative lowering, 180, 182 

-, water, 31 

—, saturated. 31 
Varec, 528 
Variance, 159 

Velocity of reaction, 218, 225 
Venetian red, 858 
Verdigris, 622 
Vermilion, 684 
Virgin gold, 633 
Viscose process. 377 
Vitreous ware. 722 
Vitriol, blue. 621 
—, green, 860 
—, oil of, 463 
—, white. 674 
Vitriols. 861 
Vivianite, 752 
Voltameter. 273 
Volume, vibratory, 33 

W 

Wackcnroder’s solution. 482 
Wad. 824. 828 

Washing processes, gold, 634 
Washing-soda. 584 
Water. 272, ft scq. 

—, as catalyst. 290 
—, association, 292 
—. Burt and Edgar’s synthesis. 102 
—, Cavendish's synthesis. 272 
—. composition. 66, 272 
—. conductivity. 199 
—. crystallization, 292 
—. cycle in nature. 277 
—, decomposition by electricity, 273 

-, by metals. 289 

—, dissociation. 288 
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Water, distilled. 285 
—, drinking, 280 
—. Dumas's synthesis. 274 
—, equilibrium, 199 
—, fresh. 279 

— gas. 370 
-, semi. 371 

— glass, 716 
—, ground. 278 

—, hard, 280 ^ 

—,—, in nature, 284 
—. hardness, 280 

-, permanent. 281 

-, temporary, 281 

—, heavy, 209 

—, mineral, 279 

—. Morley's synthesis. 101 

—, occurrence. 277 

—, potable. 280 

—, properties, 286 

—, purification for town supply. 280 

—.-scientific purposes. 285 

—, rain, 278 

—. ratio of hydrogen and oxygen. 
100 

—, river, 279 
—, sea, 279 
—, soft. 282 
—, softening, 282 

-, base-exchange process. 283 
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